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Enantio- and Diastereoselective Total Synthesis of Latanoprost Using an Organocatalyst 



































Ac     acetyl 
acac     acetylacetone 
AIBN     azobisisobutyronitrile 
aq.     aqueous 
Ar     aryl 
Bn     benzyl 
bpy     bipyridine 
Boc     t-butoxycarbonyl 
Bu     butyl 
Bz     benzoyl 
DABCO    1,4-diazabicyclo[2.2.2]octane 
DBU     N,N’-dicyclohexylcarbodiimide 
DDQ     2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
DET     diethyltertrate 
DIBAL-H   diisobutylaluminium hydride 
DIPCl     B-chlorodiisopropylcampheylborane 
DMAP     N,N’-dimethylaminopyridine 
DMDO     dimethyldioxorane 
DMF     N,N’-dimethylformamide 
DMP     Dess-Martin periodinane 
dppf     diphenylphosphonoferocene 
dr     diastereo ratio 
Et     ethyl 
ee     enantiomeric excess 
HMPA     hexamethylphosphoryltriamide 
HPLC     high performance liquid chromatography 
HWE    Horner-Wadsworth-Emmons 
i     iso 
LDA     lithium diisopropylamide 
LHMDS    lithium hexamethyldisilathan 
Me     methyl 
Ms     methanesulfonyl 
n     normal 
Nap     2-naphthylmethyl 
NMR     nuclear magnetic resonance 
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NOE     nuclear overhauser effect 
n. d.     not determined 
PG     prostaglandin 
Ph     phenyl 
Pr     propyl 
p     para 
PMB     p-methoxybenzyl 
PMP     p-methoxyphenyl 
o     ortho 
rt     room temperature 
sat.     saturated 
SEM     trimethylsiloxyethyl 
Sia     siamyl 
t     tert 
TBAF     tetrabutylammonium fluoride 
TBDPS     t-butyldiphenylsilyl 
TBS     t-butyldimethylsilyl 
TEMPO     2,2,6,6,-tetramethylpiperidine N-oxyradical 
TES     triethylsilyl 
Tf     trifluoromethanesulfonyl 
THF     tetrahydrofuran 
TMS     trimethylsilyl 
TPAP     tetrapropylammonium perruthenate 





























































ラクトン(10)の合成を行う(Scheme 1)。トリプトファン誘導体 5 存在下、シクロペンタジエ
ン 3 とα-ブロモアクロレイン(4)の不斉 Diels-Alder反応により 6へと誘導した後、4工程
の変換反応を経てケトン 7 へと導く。Baeyer-Villiger 酸化と続く加水分解を行いヒドロキ


















クトン 15 を高立体選択的に合成する。酸化反応を経てラクトン 16 へと導き、再結晶によ
りエナンチオ選択性を向上させたのち、有機銅試薬 17の共役付加によるω鎖の導入と続く
TMS 保護によりシリルエノールエーテル 18 を合成する。オレフィンをオゾン分解した後、
ジアステレオ選択的還元によりアルコール 19 へと導いた。ラクトンを DIBAL-Hにより還元















ン 24 が形成する。エナミン 24 とニトロアルケン 20 の不斉マイケル反応により中間体 25
が形成される。イミニウム塩とともに生じたニトロナートが分子内のアルデヒドとの Henry
反応によりシクロペンタン中間体 26 が生じる。イミニウム塩が加水分解されてシクロペン
タン 27 が生じるとともに触媒が再生する。 
 
また、2013 年にはこの形式的[3+2]反応を鍵工程とするプロスタグランジン E1 メチルエス



















1-3. Amphotericin B 












らの 35-deoxy-amphotericin B メチルエステルの合成[14a]に代表されるように、天然より得
られる amphotericin B のポリエン部位である C20-C37 位の分解を利用する手法が主であ
る。 
始めに、amphotericin Bの誘導体合成の代表例として、Burkeらの 35-deoxy-amphotericin 
B メチルエステル(60)の合成について述べる(Scheme 7)[14a]。 
 













62,67 とした後、2工程の変換反応を経てヘミアセタール 63,68 を合成する。Wittig反応に
よりテトラヒドロフラン環の開環を行うとともに 1,3-syn-ジオール 64,69 とした後、それ





アリルアルコール 71 に対し、Sharpless不斉エポキシ化によりエポキシアルコール 72とし
た後、6 工程の変換反応を経てアリルアルコール 73 を合成する。再度 Sharpless 不斉エポ
キシ化を行った後 Red-Al によりエポキシドの開裂を行い 1,3-syn-ジオール 75 へと導く。
その後、各種変換反応を経て C1-C6ユニット 65及び C7-C13ユニット 70 を合成する。 
 
C14-C19ユニットに関しては、酒石酸ジエチル(76)より 5工程の変換反応を経てエポキシド
77 とした後、4 工程の変換反応を経てアリルアルコール 78 とする。Sharpless 不斉エポキ
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シ化と続く Red-Alによるエポキシドの開裂、及 TBS基による保護を経て 3つの不斉点を有
する 79 を合成する。続く 4 工程の変換反応を経て C14-C19 ユニット 80 の合成を行ってい
る(Scheme 10)。 
 
Horner-Wadsworth-Emmons 反応により C1-C6 ユニット 65 及び C7-C13 ユニット 70 のカップ
リングを行った後、水素化還元の後に L-selectrideを作用させ C8位の不斉点を構築する。
5 工程の変換反応を経てリン酸エステル 83 とした後、C14-C19 ユニット 80 との Horner-
Wadsworth-Emmons 反応により化合物 84 とする。11 工程の変換反応を経てテトラヒドロピ





続いて、エポキシド 77より 22工程で合成したポリエン誘導体 87と DCC による縮合を行っ
た後、分子内 Horner-Wadsworth-Emmons反応によりマクロラクトン 89 を形成する。ケトン
のジアステレオ選択的還元と続くグリコシル化を行った後、7 工程の脱保護を経て







光学活性なリンゴ酸(91)から 5 工程の変換反応を経てアリルアルコール 92 を合成後、
Sharpless 不斉エポキシ化により光学活性エポキシアルコール 93 を合成する。その後、そ
れぞれ 10工程、7工程の変換反応を経て C1-C7 ユニット 94及び C8-C13ユニット 95の合成
を行う(Scheme 13)。 
 
また、アルデヒド 96 と光学活性ケトン 97 のジアステレオ選択的アルドール反応によりア
ルドール体 98 を合成後、7 工程の変換反応を経てアリルアルコール 99 を合成する。
Sharpless不斉エポキシ化と続くエポキシドの開裂により 1,3-anti-ジオール誘導体 101を




C1-C7ユニット 94と C8-C12ユニット 95 の付加により、C8位に関して実際の立体とは反対
ではあるが付加体 103 が高いジアステレオ選択性で得られる。4工程の変換反応を経てトリ
フラート 104 へと導いた後、C13-C19 ユニット 102 の SN2 反応により付加体 105 を合成す
る。スルホキシドの酸化と続く 6 員環アセタールの形成により 106 を合成後、16 工程の変




 次に、McGarveyらによる C1-C19ユニットの合成について説明する[14g,h,i]。 
 
アスパラギン酸より合成可能な光学活性アルデヒド 108 に対し、ジアステレオ選択的アリ
ル化によりホモアリルアルコール 109 を 84：16 のジアステレオ選択性で得る。5 工程の変
換反応によりエポキシド 110 とした後、それぞれ 6工程、5工程の変換反応を経て C1-C7ユ
ニット 111及び C8-C13ユニット 112の合成を行う(Scheme 16)。 
 
また、アルデヒド 113 とオキサゾリジノン 114 の Evans アルドール反応により C14-C19 ユ
16 
 
ニット 115の合成を行う(Scheme 17)。 
 
ｔBuLiを用いて C1-C7 ユニット 111 と C8-C13ユニット 112 のカップリングを行った後 6工
程の変換反応を経てオキシム 117 を合成する。C14-C19 ユニット 115 との 1,3-双極子付加
環化反応によりカップリングを行い 5 員環 119 を形成後、N,O-結合の開裂及びヘミアセタ












用させることで 1,3-syn-ジオール保護体 131が 2ポットで得られることを報告している（式
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当研究室が 2013 年に報告した PGE1 メチルエステルの合成法を参考にすると、











ることができると考えた。trans-シクロペンテノン 8 はアルキン 6 及び cis-シクロペンタ
ン 9 より合成することとし、シクロペンタン骨格構築には当研究室が開発したジフェニル
プロリノールシリルエーテル 10 を触媒とするスクシンアルデヒド(3)とニトロアルケン 5
の形式的[3+2]付加環化反応を用いることとした。ω鎖に相当する光学活性ニトロアルケン











は 12時間で反応が完結した。そのまま反応をクエンチすることなく HWE 反応及び N,O-結合
の開裂[1]をワンポットで行ったところ、エステル 15 が収率 48％、93％ eeで得られた(entr 
y 1)。触媒をプロリンからプロリンカリウム塩へと変更したところ、反応温度 0℃にて触媒
量はわずか 2 mol%でも反応は 4.5時間と短縮され、収率 74％、98％ eeと収率、エナンチ










ロアルケン 17の形式的[3+2]付加環化反応によりシクロペンタン 18 を合成した。なお、こ
の反応の反応機構の詳細については第 1 章 2 節にて説明している。水酸基の TMS 保護によ
り 19 を得た後、Zn(OTf)2及びトリエチルアミンを用いたアルキン 6 の付加[4]、並びに TMS
基の脱保護を行い 21 を合成した。酸性活性アルミナによるニトロアルコール 21 の脱水[5]
の後、当研究室により開発された酸素を用いた Nef反応[6]によりシクロペンテノン 23が C7
位に関して 1.5：1のジアステレオマー混合物として得られた。しかしながら、後の工程に
おいて C7位の立体は消えることから、その後の工程は 2つのジアステレオマーの混合物と
して進めることとした。また、当初は化合物 23 を合成して初めてケトンのα位である C12
位の異性化により trans 体を形成することを想定していたが、後にそれは誤りであること
が明らかとなった。その詳細については第 4節で述べる。 













的のアセタール 25が C9位に関し高いジアステレオ選択性で得られた(entry 3)。モデル基
質 24 に対し最も良い結果を与えた反応条件を実際の基質 23 に適用したところ、目的のア
セタール 25 が収率 64％で得られるものの、反応系が少し汚くなっていた(entry 4)。そこ
で、反応温度を室温まで下げたところ、収率は 72％まで向上した。また、この際の C9位に
関するジアステレオ選択性は高かった(entry 5)。 
 次に、ケトンのジアステレオ選択的還元による C11 位の不斉点の構築を試みることとし
たが、イソプロピルエステル存在下で C11位のケトンを立体選択的に還元する必要がある。






























れたため、実際の基質 30 に対しても同様に還元を行ったところ、望みの還元体 31 が収率
81％、C11 位に関するジアステレオ選択性は 10：1 と良好な結果が得られた。これにより、
五員環上の 4つの連続する不斉点の構築法を確立した。 
 次に、最終工程までの合成法の確立を目指した(Scheme 5)。 
 
化合物 31に対し、亜鉛によるニトロ基の還元を行うことで続くアセタールの脱保護が酢酸







































アルコール 42の TMS 保護の後に、アルキン付加を行い 47 とした後、ホルミル化、還元、脱






















































ルケン 17 の形式的[3+2]付加環化反応より合成した 54 及び 54’から還元と脱水により合
成した 55 と 57 の混合物、あるいは 56 をそれぞれ合成し、NMR により比較して決定した。
しかしながら、後の工程において C8位は完全に異性化するため、望みの異性体 55,57と望
まぬ異性体 56,58の比は 95.5：4.5と高い値を有していることとなる。続いて、シクロペン
テノン 61の合成にあたり、ポット数の削減[13]に努めた(Scheme 11)。 
 































3) アルキン付加の反応条件にてホルミル基のα位である C8 位が完全に異性化し、
trans体を形成した後付加が進行すること 
4) 当研究室により開発された 1,3-不斉誘起により C7 位の立体に関わらず C9 位の不
斉点が制御できること 
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Amphotericin B(1)は、C1-C23ユニット 4、C24-C29ユニット 2、C30-C37 ユニット 3 の 3種
のフラグメントより合成することとした。ポリオール部位に相当する C1-C23ユニット 4 に
関しては、アルデヒド 5 とリン酸エステル 6 の Horner-Wadsworth-Emmons 反応を用いて合
成することとした。C1-C6ユニット 5はジオール保護体 7より合成することとし、このジオ
ール保護体 7 はジアリルプロリノール 16を触媒とするアルキニルアルデヒド 8とアセトア
ルデヒド(9)の不斉アルドール反応により合成することとした。C7-C19ユニット 6に関して
は、化合物 10より Claisen 縮合及びアセタール化を利用して合成することとし、化合物 10
は C8-C14 ユニット 11 と C15-C19 ユニット 12 のアルドール反応により合成することとし




には、ジアリルプロリノール 16 を触媒とするアルキニルアルデヒド 8 とβ-アルコキシア
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ルデヒド 15 の不斉アルドール反応を用いることとした。 
 
3-2.各ユニットの合成 











0.5 M まで上げたが、室温では反応が進行しなかったため、反応温度を 40℃に上げたとこ
ろ、基質 13の分解が確認された(entry 2)。反応溶媒をトルエンに変更したところ、室温で
は反応は進行せず、反応温度を 40℃に上げた場合は entry 2と同様に基質 13 が分解するの
みであり、目的の 1,3-syn-ジオール保護体 11 は得られなかった(entry 3)。用いるアルデ





















8 のアルドール反応と続く還元によりジオール 18 が 7：1 のジアステレオ選択性で得られ
た。2 つの水酸基を TBS 基にて保護した後、PPTS により 1 級アルコール選択的に脱保護を
行いアルコール 20を合成した。生じた 1級アルコールの TEMPO酸化を行うことにより、異














トン 21 を合成した後、1,3-不斉誘起の検討を行った(Table 2)。Bi(OTf)3及び過塩素酸ナト
リウム存在下、3,4-ジニトロベンズアルデヒドを用いたフェニルケトンに対するヘミアセ
タール化/オキシマイケル反応を試みたところ、アセタール 22 の収率は 29％とメチルケト















誘起による C1-C6ユニット 5 の合成は実用的ではないと判断した。 
 
 そこで、Evansらの報告を参考に、強塩基を用いた 1,3-不斉誘起を用いた C1-C6ユニット


















 他の手法として、不斉アルドール反応と続くニトロメタンとの Henry 反応による 1,3-ジ
オールの合成を基盤とする C1-C6ユニットの合成を計画した(式 2)。 
 
 実際に、アルキニルアルデヒド 8 とアセトアルデヒド(9)の不斉アルドール反応と続く
Henry反応による 1,3-ジオールの合成を試みた(Scheme 5)。 
 
ジアリルプロリノールを触媒とするアルキニルアルデヒド 8とアセトアルデヒド(9)の不斉
アルドール反応と続くニトロメタンとの Henry 反応によりニトロジオール 7を 1：1のジア
ステレオマー混合物として得ることができた。続いて、1,3-ジオール部位の保護によりアセ




ム水溶液を用いた酸化を試みたが、目的のカルボン酸 28 は得ることができなかった(entry 
１)。そこで、塩基として炭酸水素ナトリウム水溶液を用いたところ、低収率ながらも目的
物 28 が得られた(entry 2)。また、酸化剤として tBuOOH 及び tBuOK を用いた場合、基質が
分解するのみであった(entry 3)。これらの結果より塩基性条件下では目的物が得られない







tBuOK 並びに DMDO を作用させたところ、基質 29 は分解し、目的のアルデヒド 30 は得られ
なかった(entry 1)。McMurryらの報告を参考に、三塩化チタン及びアンモニウムアセター
トを用いる変換反応を試みたが、基質 29 は分解し、目的のアルデヒド 30 は得られなかっ
た(entry 2)。Vilarrasaらの報告を参考に、塩化スズ(Ⅱ)を用いた Nef 反応を行ったが基
質 29が分解するのみであった(entry 3)。これらの結果より、ニトロ基の変換反応には困難
があるため、先んじて他の官能基に変換した後アルキニルシラン部位の変換を試みること





用いて酸化を試みたが、基質 31 が分解するのみであった(entry 1)。そこで、酸化の際に用
いる塩基を弱塩基である炭酸水素ナトリウム水溶液としたところ、目的のカルボン酸 32は
得られず、酸化が完全に完結していないアシルシラン 34 が確認された。そこで、シリル基









ニット 5 が得られた(Scheme 7)。 
 
 また、後の工程を考慮して、アセトニドより容易に脱保護が可能となるシクロペンチリデ














 始めに、アルドール反応による C8-C14ユニット 11と C15-C19ユニット 12のカップリン






LDA を用いてケトン 11 とアルデヒド 12 のアルドール反応を試みたところ、ケトン 11 が分
解し、目的のアルドール体 10は得られなかった(entry 1)。より弱い塩基として、LHMDSを
用いた場合も同様にケトン 11 が分解し、目的のアルドール体 10 は得られなかった(entry 
2)。ケトン 11 が強塩基性条件下では容易に分解することが考えられたため、ルイス酸性条
件の向山アルドール反応を試みることとした。ケトン 11 に対し TMSOTf 及びジイソプロピ
ルエチルアミンを作用させシリルエノールエーテル 44とした後、三フッ化ホウ素ジエチル
エーテル錯体を用いてアルデヒド 12 との向山アルドール反応を行ったところ、目的のアル
ドール体 10が 83.5：9.7：6.8のジアステレオ選択性で得られた。この反応において 3種の







続いて、メタノール中トシル酸を作用させることで TBS 基の脱保護と 6 員環アセタールの
形成を行った後 TBSOTf 及びルチジンを用いて水酸基の保護を行い化合物 45 を得た。続い






48 に対し、メチルリン酸ジメチル及び n-ブチルリチウムによる Claisen 縮合を試みたとこ
ろ、予想通り基質の分解は進行せず目的とする付加体 49が高収率で得られた(Scheme 10)。 





アルデヒド 43及びリン酸エステル 49 に対し、tBuOKを作用させたところ、目的の不飽和ケ
トン 50 が高収率で得られた。不飽和ケトン 50 に対し塩化ニッケル(II)六水和物存在下、
水素化ホウ素ナトリウムを作用させることで 1,4-還元が進行し、飽和ケトン 51 が得られ
た。Nicolaou らの報告に従い、-110℃中で L-selectride を作用させたところ、還元体 52





















ところ、目的とするアルコール 64 は得られたものの、位置選択性は低く、2 級アルコール
66 も生成することが確認された(entry 1)。そこで、選択性の向上を目的とし、より嵩高い
ジシアミルボランを用いたところ、位置選択性は向上し、目的の 1級アルコール 64のみが
選択的に得られた(entry 2)。末端アルキン 63 に対し、ボランテトラヒドロフラン錯体によ
るヒドロホウ素化を試みたところ、予想に反しシリルアセチレンとは異なり、6員環アセタ
ールの開環は確認されなかった。一方で、目的とするアルデヒド 65は得られるものの、主























n-ブチルリチウム 3 等量及び TMS アセチレン 10 等量用いた際には、反応温度を-78℃から
0℃に昇温したものの反応は全く進行しなかった(entry 1)。n-ブチルリチウムを 15 等量、
TMS アセチレンを 30 等量に増やしたところ、反応温度-78℃において基質 65 が速やかに分
解した(entry 2)。n-ブチルリチウムを 6等量、TMSアセチレンを 12等量まで減らしたとこ
ろ、原料が消費されていないにもかかわらず系が複雑化した(entry 3)ことから、リチウム
塩によるアルデヒドに対するアルキンの付加は困難であると判断した。TMS アセチレン、





た、TMS アセチレンと n-ブチルリチウムの系に HMPA を添加してみたが、基質 65 が分解す
るのみで目的の付加体 71は確認されなかった(entry 8)。上記の結果より、このアルデヒド
65 に対するアルキンの付加は困難であると判断した。そこで、Nicolaouらの類似したエス











アルデヒド 70 に対し、メチルリン酸ジメチル及び n-ブチルリチウムを作用させたところ、




塩基として tBuOKを用いたところ、基質 77 が分解し、目的のジエン 78を得ることはできな
かった(entry 1)。強塩基性条件では問題があると考えられたことから、より穏和な条件で








体 79 は得られなかった(entry 1)。DDQ の酸性を抑制するため、塩基として 2,6-ジ-tert-
ブチルピリジンを添加したが、基質 78 は分解するのみであり、目的物 79 は得られなかっ













たところ、目的の還元体 82 を合成することができた。 
 
続く TPAP 酸化、及び Pinnick 酸化は問題なく進行しカルボン酸 84 は得られたものの、続
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4 章 総括 
  


























トロ基及びアルキンの変換と続く異性化により 1,3-syn-ジオール骨格を有する C1-C6 ユニ
ットを高いジアステレオ選択性で合成した。その後、Felkin-Anhモデルを利用した C8-C13
ユニットと C15-C19 ユニットの向山アルドール反応により高いジアステレオ選択性で 2 つ
のユニットのカップリングを行った。その後、6員環アセタールの形成、保護基の変更及び
リン酸エステルとの Claisen 縮合により C7-C19 ユニットとした後、Horner-Wadsworth-












































General Remarks: All reactions were carried out under argon atmosphere and monitored by thin-
layer chromatography using Merck 60 F254 precoated silica gel plates (0.25 mm thickness). FT-IR 
spectra were recorded on a JASCO FT/IR-4600typeA spectrometer. 1H and 13C NMR spectra were 
recorded on an Agilent-400 MR (400 MHz for 1H NMR, 100 MHz for 13C NMR) instrument. Data for 
1H NMR are reported as chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet), coupling constant (Hz), integration, and assignment. Data for 13C NMR are 
reported as chemical shift. High-resolution mass spectral analyses (HRMS) were carried out using 
Thermo Fisher Scientific Orbitrap Discovery (ESI LTQ Orbitrap). All liquid aldehydes and solvents 
were distilled before use. Flash chromatography was performed using silica gel 60N of Kanto 
Chemical Co. Int., Tokyo, Japan. HPLC analysis was performed on a HITACHI Elite LaChrom Series 
HPLC, UV detection monitered at appropriate wavelength respectively, using CHIRALPAK IC (0.46 




The HWE reagent was prepared by the following procedure. To a mixture of ethyl 2-
(diethoxyphosphoryl)acetate (0.44 mL, 2.2 mmol) in THF (1 mL) was added NaH (60% in oil, 80 mg, 
2 mmol) at 0 ℃. The reaction mixture was warmed to rt and stirred for 2 h. The resulting solution was 
used directly to the reaction. 
To a mixture of 4-phenylbutanal (13) (222 mg, 1.5 mmol) and nitrosobenzene (14) (54 mg, 0.5 mmol) 
in MeCN (0.5 mL) was added potassium D-prolinate salt (1.5 mg, 0.01 mmol) at 0 ℃ and the reaction 
mixture was stirred for 4.5 h. The HWE reagent was added to the reaction mixture at 0 ℃. After 
stirring for 2 h, CuSO4 (24 mg, 0.15 mmol) and EtOH (1.7 mL) were added and the reaction mixture 
was warmed to rt. After the completion of the reaction, aq. NH4Cl was added to the reaction mixture. 
The aqueous layer was extracted with AcOEt three times. The combined organic layers were washed 
with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt=6/1) gave alcohol 15 (87 mg) in 74% yield as a brown oil. 
1H NMR (CDCl3) : δ 1.29 (3H, t, J = 5.2 Hz), 1.84-1.98 (2H, m), 2.69-2.82 (2H, m), 4.20 (2H, q, J = 
5.2 Hz), 4.30-4.35 (1H, m), 6.05 (1H, dd, J = 1.6, 16 Hz), 6.96 (1H, J = 5.2, 16 Hz), 7.18-7.21 (3H, 
m), 7.26-7.31 (2H, m) ; 13C NMR (CDCl3) : δ 14.2, 31.4, 38.0, 60.5, 70.4, 120.5, 126.1, 128.4 (2C), 
128.5 (2C), 141.2, 149.7, 166.4 ; IR (neat) ν 3440, 3028, 2985, 2930, 2862, 1717, 1656, 1496, 1454, 
1369, 1277, 1179, 1102, 1033, 981 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C14H18O3Na: 257.1148, 
found: 257.1148 ; 98% ee, Enantiomeric excess was determined by HPLC with a CHIRALPAK IC 
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column (iPrOH : hexane = 1 : 20), 1mL/min, minor enantiomer tR = 30.29 min, major enantiomer tR = 




To a mixture of alcohol 15 (625 mg, 2.7 mmol) and NapBr (1.77 g, 8.0 mmol) and TBAI (197 mg, 
0.53 mmol) in DMF (2.7 mL) was added NaH (60% in oil, 214 mg, 5.3 mmol) at 0 ℃. The mixture 
was warmed to rt, and stirred for 2 h. After completion of the reaction, phosphate buffer was added to 
the reaction mixture. The aqueous layer was extracted with Hexane/AcOEt for three times. The 
combined organic layers were washed with H2O, brine, dried over Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (Hexane/AcOEt=19/1) gave compound S1 
(897 mg) in 90% yield as a yellow oil. 
1H NMR (CDCl3) : δ 1.31 (1H, t, J = 7.2 Hz), 1.85-1.94 (1H, m), 1.97-2.04 (1H, m), 2.68 (1H, ddd, J 
= 7.2, 9.2, 14 Hz), 2.78 (1H, ddd, J = 5.2, 9.6, 14 Hz), 4.01(1H, dd, J = 5.2, 11.6 Hz), 4.22 (1H, q, J 
=7.2 Hz), 4.52 (1H, d, J = 12 Hz), 4.77 (1H, d, J = 12 Hz), 6.05 (1H, d, J = 16.8 Hz), 6.92 (1H, dd, J 
= 6.4, 16.8 Hz), 7.10-7.19 (3H, m), 7.21-7.24 (2H, m), 7.44-7.52 (3H, m), 7.77 (1H, s), 7.83-7.86 (3H, 
m) ; 13C NMR (CDCl3) : δ 14.2, 31.3, 36.5, 60.5, 71.1, 77.1, 122.3, 125.8, 125.9, 126.1, 126.6, 127.7, 
127.9, 128.2, 128.4 (2C), 128.4 (2C), 133.0, 133.2, 135.5, 141.4, 148.0, 166.2 ; IR (neat) ν 3058, 3025, 
2981, 2930, 2862, 1717, 1657, 1603, 1496, 1454, 1368, 1302, 1266, 1172, 1095, 1036, 983, 856 cm-
1 ; HRMS (ESI): [M+Na]+ calculated for C25H26O3Na: 397.1774, found: 397.1776 ; [α]D 25 = -48.08 (c 




To a mixture of α,β-unsaturated ester S1 (897 mg, 2.4 mmol) and NiCl2 (341 mg, 2.5 mmol) in CH2Cl2 
(12 mL) and MeOH (12 ml) was added NaBH4 (226 mg, 6.0 mmol) at 0 ℃. After stirring for 10 min 
at this temperature, aq. NH4Cl was added to the reaction mixture. After celite filtration, the aqueous 
layer was extracted with AcOEt three times. The combined organic layers were washed with brine, 
dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt=19/1) gave compound 16 (748 mg) in 83% yield as a pale yellow 
oil. 
1H NMR (CDCl3) : δ 1.21 (1H, t, J = 7.2 Hz), 1.81-2.02 (4H, m), 2.43 (2H, t, J =7.2 Hz), 2.65-2.78 
(2H, m), 3.52 (1H, quin, J = 5.2 Hz), 4.08 (2H, dq, J = 2.4, 7.2 Hz), 4.66 (2H, s), 7.15-7.20 (3H, m), 
7.24-7.28 (2H, m), 7.44-7.51 (3H, m), 7.76 (1H, s), 7.82-7.85 (3H, m) ; 13C NMR (CDCl3) : δ 14.8, 
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28.8, 30.1, 31.5, 35.5, 60.3, 70.9, 77.0, 125.8 (2C), 126.0 (2C), 126.5, 127.7, 127.9, 128.1, 128.4 (4C), 
132.9, 133.3, 136.1, 142.1, 173.7 ; IR (neat) ν 3055, 3029, 2931, 2858, 1732, 1602, 1496, 1454, 1368, 
1175, 1090 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C25H28O3Na: 399.1931, found: 399.1927 ; 




To a mixture of ester 16 (118 mg, 0.31 mmol) in toluene (0.63 mL) was added DIBAL-H (1.02M in 
Hexane, 0.32 mL, 0.33 mmol) at -90 ℃. After stirring for 10 min, the reaction was quenched by the 
addition of AcOEt and saturated aq. potassium sodium tartrate. The aqueous layer was extracted with 
AcOEt three times. The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt=6/1) 
gave compound S2 (104 mg) in 73% yield as a pale yellow oil. 
1H NMR (CDCl3) : δ 1.81-2.05 (4H, m), 2.55 (2H, dt, J = 1.6, 6.0 Hz), 2.73 (2H, dddd, J = ), 3.52 (1H, 
quin, J = 6.0 Hz), 4.65 (2H, dd, J = 11.6, 21.6 Hz), 7.17-7.22 (3H, m), 7.26-7.30 (2H, m), 7.46-7.52 
(3H, m), 7.75 (1H, s), 7.75-7.86 (3H, m), 9.77 (1H, t, J = 1.6 Hz) ; 13C NMR (CDCl3) : δ 26.1, 31.5, 
35.5, 39.8, 71.0, 77.0, 125.9 (2C), 126.0, 126.1, 126.6, 127.7, 127.9, 128.2, 128.3 (2C), 128.4 (2C), 
132.9, 133.2, 135.2, 135.8, 141.9, 202.2 ; IR (neat) ν 3059, 3026, 2929, 2866, 2724, 1723, 1600, 1495, 
1455, 1371, 1338, 1120, 1065 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C23H24O2Na: 355.1669, 




To a mixture of aldehyde S2 (99.7 mg, 0.3 mmol) and nitromethane (0.064 mL, 1.2 mmol) in CH2Cl2 
(0.3 mL) was added Et3N (0.2 mL, 1.5 mmol) at room temperature. The reaction mixture was stirring 
for 6 h at this temperature. After concentration in vacuo, the residue was diluted by the addition of 
CH2Cl2 (1 mL). Then, MsCl (24.4 μL, 0.315 mmol) and Et3N (83.5 μL, 0.6 mmol) were added to the 
same vessel at -20 oC. After stirring for 10 min, the reaction was quenched by the addition of 1N HCl. 
The aqueous layer was extracted with CH2Cl2 three times. The combined organic layers were washed 
with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt=9/1) gave compound 17 (95.7 mg) in 85% yield as a yellow oil. 
1H NMR (CDCl3) : δ 1.79 (2H, dt, J = 5.6, 7.6 Hz), 1.83-1.92 (1H, m), 2.00-2.06 (1H, m), 2.28-2.43 
(2H, m), 2.73 (2H, ddd, J = 2.8, 5.6, 9.6 Hz), 3.51 (1H, quin, J = 5.6 Hz), 4.61 (1H, d, J = 12.0 Hz), 
4.72 (1H, d, J = 12.0 Hz), 6.87 (1H, dt, J = 1.6, 13.2 Hz), 7.17-7.32 (6H, m), 7.46-7.53 (3H, m), 7.74 
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(1H, s), 7.83-7.87 (3H, m) ; 13C NMR (CDCl3) : δ 24.4, 31.4, 31.8, 35.2, 71.0, 76.7, 125.9, 126.0, 
126.2, 126.6, 127.7, 127.8, 128.3, 128.3 (2C), 128.4 (2C), 132.9, 133.2, 135.6, 139.5, 141.7, 142.4 ; 
IR (neat) ν 3059, 3025, 2942, 2862, 1650, 1603, 1524, 1454, 1352, 1217, 1173, 1092, 958, 909, 856, 
818, 755, 701, 667, 477 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C24H25NO3Na: 398.1727, found: 




(S)-Diphenylprolinol trimethylsilyl ether (162 mg, 0.5 mmol) and p-nitrophenol (70 mg, 0.5 mmol) 
were added to a solution of nitroalkene 17 (1.88 g, 5 mmol) and succinaldehyde (3) (1.08 g, 12.5 
mmol) in MeCN (5 mL) at room temperature. The reaction mixture was stirred for 8.5 h at room 
temperature, and then cooled to 0 ℃. N,N-Diisopropylethylamine (711 μL, 5.5 mmol) was added to 
the reaction mixture. After stirring for 30 min, the reaction was quenched by the addition of saturated 
aq. NH4Cl. The aqueous layer was extracted with AcOEt three times. The combined organic layers 
were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica 
gel column chromatography (Hexane/AcOEt=2/1) gave compound 54 (1.38 g) in 60% yield as a brown 
oil. 
1H NMR (CDCl3) : δ 1.48-1.63 (2H, m), 1.75-1.99 (4H, m), 2.05-2.46 (3H, m), 2.58-2.85 (3H, m), 
3.43-3.50 (1H, m), 4.40-4.47 (1H, m), 4.50-4.71 (3H, m), 7.15-7.21 (3H, m), 7.24-7.29 (2H, m), 7.46-
7.51 (3H, m), 7.75 (1H, bs), 7.83-7.85 (3H, m), 9.57 (0.55H, d, J = 1.6 Hz), 9.63 (0.40H, d, J = 1.6 
Hz), 9.65 (0.05H, d, J = 1.6 Hz) ; 13C NMR (CDCl3) : δ 29.5, 29.6, 31.0, 31.3, 31.5, 31.6, 32.0, 32.4, 
34.1, 35.2, 35.3, 35.4, 40.5, 42.3, 42.6, 52.7, 53.2, 54.2, 71.0, 71.2, 72.9, 74.8, 75.3, 77.5, 77.7, 77.8, 
93.1, 95.2, 96.4, 97.5, 125.9, 126.1, 126.2, 126.6, 127.7, 127.9, 128.2, 128.4, 132.9, 133.2, 136.0, 
141.9, 200.1, 201.3, 201.4 ; IR (neat) ν 3415, 3060, 3027, 2940, 2864, 2726, 2251, 1951, 1724, 1603, 
1550, 1509, 1496, 1455, 1374, 1342, 1272, 1217, 1173, 1123, 1065, 953, 906, 857, 819, 736, 701, 649, 
622 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C28H31NO5Na: 484.2094, found: 484.2093 ; Rf = 0.48 




To a solution of aldehyde 9 (35 mg, 0.077 mmol) in CH2Cl2 (85 μL) and MeOH (0.17 mL) was added 
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NaBH4 (8.7 mg, 0.23 mmol) at 0 ℃. After stirring for 40 min at this temperature, the reaction was 
quenched by the addition of saturated aq. NH4Cl. The aqueous layer was extracted with AcOEt three 
times. The combined organic layers were washed with brine, dried over Na2SO4 and concentrated in 
vacuo. The crude diol S3 was used for next reaction without futher purification. 
To a solution of diol S3 in pyridine (0.25 mL) was added acetic Ac2O (23 μL, 0.23 mmol) at 0 ℃. 
After stirring for 12 h at room temperature, the reaction was quenched by the addition of 1N HCl. The 
aqueous layer was extracted with AcOEt three times. The combined organic layers were washed with 
saturated aqueous NaHCO3, brine, dried over Na2SO4 and concentrated in vacuo. Purification by 
neutral silica gel column chromatography (Hexane/AcOEt = 6/1) gave compound 15 (20 mg) in 56% 
yield as a yellow oil. 
1H NMR (CDCl3) : δ 1.51-1.63 (3H, m), 1.79-1.97 (3H, m), 2.03 (3H, s), 2.26 (1H, dt, J = 2.8, 19.6 
Hz), 2.41-2.47 (1H, m), 2.63-2.80 (3H, m), 2.99 (1H, br), 3.46-3.50 (1H, m), 3.96 (2H, ddd, J = 7.2, 
11.2, 14.4 Hz), 4.63-4.70 (2H, m), 6.92 (1H, t, J = 2.0 Hz), 7.15-7.20 (3H, m), 7.25-7.28 (2H, m), 
7.45-7.50 (3H, m), 7.77 (1H, s), 7.83-7.85 (3H, m) ; 13C NMR (CDCl3) : δ 20.8, 27.4, 30.4, 31.6, 32.3, 
35.5, 41.0, 45.2, 66.6, 71.1, 78.0, 125.8, 126.0, 126.1, 126.4, 127.7, 127.9, 128.2, 128.4 (4C), 133.0, 
133.3, 136.2, 136.8 (2C), 142.1, 154.3, 170.9 ; HRMS (ESI): [M+Na]+ calculated for C30H33NO5Na: 
510.2251, found: 510.2255 ; [ ]D 26 = -3.09 (c 1.27, CHCl3) ; Rf = 0.72 (Hexane/AcOEt = 1/1)  
 
1H NMR (CDCl3) : δ 1.57-1.66 (4H, m), 1.79-1.88 (2H, m), 1.90-2.01 (2H, m), 2.04 (3H, s), 2.26 (1H, 
dt, J = 2.8, 19.6 Hz), 2.43-2.49 (1H, m), 2.63-2.81 (2H, m), 2.98 (1H, br), 3.47-3.51 (1H. m), 3.96 (2H, 
ddd, J = 7.2, 10.8, 18.0 Hz), 4.64-4.70 (2H, m), 6.91 (1H, bs), 7.16-7.20 (3H, m), 7.25-7.29 (2H, m), 
7.45-7.50 (3H, m), 7.77 (1H, s), 7.83-7.85 (3H, m) ; 13C NMR (CDCl3) : δ 20.8, 27.5, 30.8, 31.6, 32.3, 
35.7, 40.9, 45.2, 66.6, 71.3, 77.9, 125.8, 126.0, 126.1, 126.5, 127.7, 127.9, 128.2, 128.4 (4C), 132.9, 
133.1, 133.3, 136.1, 136.8, 142.1, 154.4, 170.9 ; HRMS (ESI): [M+Na]+ calculated for C30H33NO5Na: 
510.2251, found:510.2249 ; [ ]D 25 = -12.83 (c. 0.85, CHCl3) ; Rf = 0.73 (Hexane/AcOEt = 1/1) 15A : 
15C = 95.5 : 4.5, Diastereomeric ratio was determined by HPLC with a CHIRALPAK ID column 




Triethylamine (109 μL, 0.78 mmol) was added to the solution of alcohol 54 (121 mg, 0.26 mmol) and 
TMSCl (64 μL, 0.52 mmol) in CH2Cl2 (0.9 mL) at 0 oC. After stirring for 2 h at this temperature, the 
reaction was quenched by the addition of saturated aq. NH4Cl. The aqueous layer was extracted with 
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CH2Cl2 three times. The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. The crude aldehyde 59 was used for next reaction without futher purification. 
To a mixture of Zn(OTf)2 (284 mg, 0.78 mmol) and triethylamine (109 μL, 0.78 mmol) in toluene (2.2 
mL) was added alkyne (120 mg, 0.78 mmol) at room temperature. After stirring for 15 min, the crude 
aldehyde 10 in CH2Cl2 (0.4 mL) was added to the mixture at room temperature. The mixture was 
warmed to 40 ℃, and stirred for 2 h. After completion of the reaction, the mixture was cooled to room 
temperature and added THF (1 mL), H2O (0.13 mL) and acetic acid (0.13 mL) at room temperature 
and stirred for 22 h. After the completion of the reaction, aq. NaHCO3 was added to the reaction 
mixture. The aqueous layer was extracted with AcOEt three times. The combined organic layers were 
washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel 
column chromatography (Hexane/AcOEt=2/1) gave compound 60 (102 mg) in 64% yield as a brown 
oil. 
1H NMR (CDCl3) : δ 1.22 (6H, d, J = 6.4 Hz), 1.62-1.96 (9H, m), 2.01-2.38 (7H, m), 2.48 (1H, m), 
2.62-2.76 (3H, m), 3.47-3.52 (1H, m), 4.32 (0.85H, bs), 4.37-4.42 (1.15H, m), 4.52 (0.15H, dd, J = 
8.4, 13.6 Hz), 4.63-4.70 (2H, m), 4.73-4.77 (0.85H, m), 5.00 (1H, sep, J = 6.4 Hz), 7.12-7.20 (3H, m), 
7.24-7.28 (2H, m), 7.45-7.50 (3H, m), 7.76 (1H, bs), 7.83-7.85 (3H, m) ; 13C NMR (CDCl3) : δ 18.0, 
21.8, 23.6, 23.8, 30.2, 30.4, 31.4, 31.6, 33.2, 33.4, 33.5, 35.5, 43.3, 46.4, 64.3, 67.8, 71.0, 75.2, 76.8, 
77.2, 77.5, 78.4, 80.4, 85.6, 97.2, 125.8, 125.9, 126.1, 126.6, 127.7, 127.9, 128.2, 128.4, 133.0, 133.3, 
135.9, 142.1, 172.7 ; IR (neat) ν 3412, 1059, 3019, 2981, 2938, 2865, 1719, 1603, 1548, 1509, 1496, 
1454, 1375, 1342, 1217, 1107, 1062, 896, 856, 819, 753, 701, 667, 621, 479, 435 cm-1 ; HRMS (ESI): 




To a mixture of diol 60 (17.4 mg, 0.028 mmol) in ClCH2CH2Cl (0.3 mL) was added acidic alumina 
(42.5 mg) at room temperature. The reaction mixture was warmed to 60 ℃ and stirred for 48 h. After 
the completion of reaction, the mixture was cooled to rt and concentrated in vacuo. The residue was 
diluted by the addition of MeCN (0.3 mL), then DABCO (4.1 mg, 0.037 mmol) was added to the same 
vassel at room temperature and stirred under O2 for 7.5 h. After completion of reaction, aq. NH4Cl was 
added to the reaction mixture. After filtration through the celite pad, the aqueous layer was extracted 
with AcOEt three times. The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt = 
2/1) gave compound 61 (5.4 mg) in 34% yield as a brown oil. The compound 61 was obtained 2:1 
mixture of C7. 
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1H NMR (CDCl3) : δ 1.22 (4H, d, J = 6.0 Hz), 1.26 (2H, d, J = 6.4 Hz), 1.66-1.80 (5H, m), 1.82-1.95 
(3H, m), 2.14 (1.33H, dd, J = 2.4, 7.2 Hz), 2.20-2.35 (3H, m) 2.41-2.48 (0.67H, m), 2.62-2.77 (2H, 
m), 2.83-2.89 (1H, m), 3.51-3.57 (1H, ), 4.28-4.30 (0.33H, m), 4.44-4.46 (0.66H, m), 4.67 (0.67H, s), 
4.69 (1.33H, s), 4.99 (0.67H, sep, J = 6.0 Hz), 5.00 (0.33H, sep, J = 6.4 Hz), 6.22-6.24 (1H, m), 7.13-
7.20 (3H, m), 7.23-7.26 (2H, m), 7.44-7.52 (3H, m), 7.57 (0.66H, dd, J = 2.8, 6.0 Hz), 7.62 (0.33H, 
dd, J = 2.4, 5.6 Hz), 7.77 (1H, bs), 7.82-7.84 (3H, m) ; 13C NMR (CDCl3) : δ 18.0, 21.8, 23.7, 26.8, 
26.9, 30.4, 31.4, 33.4, 35.5, 47.0, 47.9, 54.2, 63.8, 64.5, 67.7, 71.0, 71.1, 78.7, 78.8, 79.2, 79.4, 86.3, 
86.5, 125.8, 125.9, 126.1, 126.6, 127.7, 127.9, 128.2, 128.4, 132.9, 133.3, 135.0, 135.1, 136.0, 142.1, 
162.2, 162.6, 172.5, 211.0, 211.3 ; IR (neat) ν 3420, 3059, 3026, 2981, 2935, 2862, 1727, 1707, 1603, 
1549, 1509, 1496, 1454, 1375, 1338, 1254, 1226, 1180, 1107, 1065, 856, 818, 753, 700, 475 cm-1 ; 
HRMS (ESI): [M+Na]+ calculated for C37H42O5Na: 589.2924, found: 589.2935 ; Rf = 0.37 




(S)-Diphenylprolinol trimethylsilyl ether (977 mg, 3 mmol) and p-nitrophenol (418 mg, 3 mmol) were 
added to a solution of nitroalkene S4 (5.3 g, 30 mmol) and succinaldehyde (3) (6.5 g, 75 mmol) in 
MeCN (30 mL) at room temperature. The reaction mixture was stirred for 4.5 h at room temperature, 
and then cooled to 0 ℃. N,N-Diisopropylethylamine (5.8 mL, 33 mmol) was added to the reaction 
mixture. After stirring for 30 min, the reaction was quenched by the addition of saturated aq. NH4Cl. 
The aqueous layer was extracted with AcOEt three times. The combined organic layers were washed 
with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt = 2/1) gave compound 42 (5.3 g) in 66% yield as a brown oil. 
1H NMR (CDCl3) : δ 1.77-2.12 (3H, m), 2.38-2.46 (1H, m), 2.59-2.79 (2H, m), 2.81-2.97 (2H, m), 
4.48-4.67 (2H, m), 7.14-7.22 (3H, m), 7.26-7.31 (2H, m), 9.66 (1H, d, J = 2.8 Hz) ; 13C NMR (CDCl3) : 
δ 32.1, 33.6, 35.9, 42.1, 52.8, 75.4, 96.5, 126.3, 128.2 (2C), 128.6 (2C), 140.3, 200.0 ; IR (neat) ν 3428, 
3062, 3027, 2922, 2860, 2728, 2722, 2603, 1549, 1496, 1455, 1375, 1218, 1105, 1068, 1031, 910, 755, 
701 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C14H17NO4Na: 286.1050, found: 286.1048 ; Rf = 0.50 






Triethylamine (244 μL, 1.76 mmol) was added to the solution of alcohol 42 (154 mg, 0.59 mmol) and 
TMSCl (144 μL, 1.17 mmol) in CH2Cl2 (2 mL) at 0 ℃. After stirring for 2 h at this temperature, the 
reaction was quenched by the addition of saturated aq. NH4Cl. The aqueous layer was extracted with 
CH2Cl2 three times. The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. The crude aldehyde 43 was used for next reaction without futher purification. 
To a solution of aldehyde 43 (67 mg, 0.2 mmol) in MeOH (0.67 mL) was added NaBH4 (22.7 mg, 0.6 
mmol) at 0 ℃. After stirring for 30 min at this temperature, the reaction was quenched by the addition 
of saturated aq. NH4Cl. The aqueous layer was extracted with AcOEt three times. The combined 
organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude 
alcohol 44 was used for next reaction without futher purification.  
To a mixture of alcohol 44, THF (0.72 mL) and H2O (0.09 mL) was added acetic acid (0.09 mL) at 
room temperature. After stirring for 12 h at this temperature, saturated aq. NaHCO3 was added to the 
reaction mixture. The aqueous layer was extracted with AcOEt three times. The combined organic 
layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purificationby neutral 
silica gel column chromatography (Hexane/AcOEt=2/1) gave compound 45 (32 mg) in 67% yield as 
a brown oil. 
1H NMR (CDCl3) : δ 1.21-1.95 (2.8H, m), 2.01-2.12 (1.2 H, m), 2.21-2.28 (0.4H, m), 2.33-2.56 (1.1H, 
m), 2.59-2.72 (2.2H, m), 2.85-2.92 (0.3H, m), 3.52-3.56 (0.6H, m), 3.59-3.73 (1.2H, m), 3.83-3.85 
(0.2H, m), 4.48-4.55 (1.2H, m), 4.60-4.65 (0.5H, m), 4.64-4.65 (0.3H, m), 7.15-7.21 (3H, m), 7.6-7.32 
(2H, m) ; 13C NMR (CDCl3) : δ 30.5, 31.1, 33.1, 33.6, 33.8, 34.1, 34.2, 34.8, 35.1, 35.6, 35.9, 36.2, 
38.0, 40.0, 41.2, 42.3, 43.0, 43.4, 43.5, 44.0, 44.4, 46.9, 61.9, 63.2, 64.3, 64.9, 73.6, 75.0, 75.8, 77.2, 
94.5, 96.0, 97.6, 99.9, 126.1, 128.1, 128.2, 128.5, 141.1 ; HRMS (ESI): [M+Na]+ calculated for 




To a solution of diol 45 (32 mg, 0.12 mmol) in pyridine (0.4 mL) was added acetic Ac2O (34 μL, 0.36 
mmol) at 0 ℃. After stirring for 12 h at room temperature, the reaction was quenched by the addition 
of 1N HCl. The aqueous layer was extracted with AcOEt three times. The combined organic layers 
were washed with saturated aq. NaHCO3, brine, dried over Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (Hexane/AcOEt = 3/1) gave compound 46 
(19 mg) in 56% yield as a yellow oil. 
63 
 
The physical data was matched with known compound[1]. 
 
Reaction without alkyne 
 
To a mixture of Zn(OTf)2 (112 mg, 0.31 mmol), triethylamine (43 μL, 0.31 mmol) in toluene (1 mL) 
was added the crude aldehyde 43 (35 mg, 0.10 mmol) in CH2Cl2 (0.2 mL) at room temperature. The 
mixture was warmed to 40 ℃, and stirred for 2 h. The reaction was quenched by the addition of 
saturated aq. NH4Cl. The aqueous layer was extracted with AcOEt three times. The combined organic 
layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude mixture of 
43 and 43’ was used for next reaction without futher purification. To determine the cis/trans ratio of 
C8 to C12, transformation to known compound 21 was examined according to prior procedure. The 




Triethylamine (648 μL, 4.65 mmol) was added to the solution of alcohol 42 (409 mg, 1.55 mmol) and 
TMSCl (383 μL, 3,1 mmol) in CH2Cl2 (5.2 mL) at 0 ℃. After stirring for 2 h at thistemperature, the 
reaction was quenched by the addition of saturated aq. NH4Cl. The aqueous layer was extracted with 
CH2Cl2 three times. The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. The crude 43 was used for next reaction without futher purification. 
To a mixture of Zn(OTf)2 (476 mg, 1.3 mmol) and triethylamine (182 μL, 1.3 mmol) in toluene (3.6 
mL) was added alkyne (149 μL, 1.3 mmol) at room temperature. After stirring for 15 min, the crude 
aldehyde 43 (146 mg, 0.44 mmol) in CH2Cl2 (0.7 mL) was added to the mixture at room temperature. 
The mixture was warmed to 40 ℃, and stirred for 2 h. after the completion of the reaction, the reaction 
was quenched by the addition of saturated aq. NH4Cl. The aqueous layer was extracted with CH2Cl2 
three times. The combined organic layers were washed with brine, dried over Na2SO4 and concentrated 
in vacuo. The crude 47 was used for next reaction without futher purification. 
To a mixture of 47 (26 mg, 0.061 mmol) and DCC (25.2 mg, 0.12 mmol) and DMAP (1.5 mg, 0.012 
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mmol) in CH2Cl2 (0.6 mL) was added HCO2H (4.6 μL, 0.12 mmol) at 0 ℃ and the reaction mixture 
was stirred for 10 min. After completion of the reaction, the mixture was filtrated through a celite pad. 
The residue was washed with AcOEt three times. The combined organic layer was concentrated in 
vacuo. The crude 48 was used for next reaction without futher purification. To a mixture of formate 
48 (21.4 mg, 48 μmol) and Pd(acac)2 (2.9 mg, 9.6 μmol) in toluene (0.5 mL) was added PBu3 (7.2 μL, 
28.8 μmol) at rt.The reaction mixture was warmed to 50 ℃ and the reaction mixture was stirred for 
1.5 hours. After completion of the reaction, the reaction mixture was passed through Pasteur column 
and washed with AcOEt and the organic layers were concentrated in vacuo. The crude 49 was used 
for next reaction without futher purification. 
To a mixture of 49, THF (0.2 mL), and H2O (25 μL) was added acetic acid (25 μL) at room temperature 
and the reaction mixture was stirred for 2.5 h. After the completion of the reaction, aq. NaHCO3 was 
added to the reaction mixture. The aqueous layer was extracted with AcOEt three times. The combined 
organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by 
neutral silica gel column chromatography (Hexane/AcOEt = 6/1) gave compound 50 (7.1 mg) in 29% 
yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.91 (2.4H, t, J = 7.2 Hz), 0.95 (0.6H, t, J = 7.6 Hz), 1.34-1.53 (4H, m), 1.84-
1.98 (2H, m), 2.05-2.17 (5H, m), 2.06-2.49 (3H, m), 2.59-2.69 (2H, m), 4.54 (1H, dd, J = 5.6, 8.4 Hz) 
4.70-4.73 (1H, m), 7.15-7.21 (3H, m), 7.26-7.30 (2H, m) ; 13C NMR (CDCl3) : δ 13.5, 18.3, 21.9, 22.6, 
23.3, 30.4, 33.0, 33.9, 34.9, 37.5, 38.6, 40.2, 40.5, 45.4, 47.3, 74.8, 75.8, 82.5, 82.9, 95.9, 97.8, 126.0, 
128.1, 128.2, 128.4, 141.1, 141.2 ; HRMS (ESI): [M+Na]+ calculated for C20H27NO3Na: 352.1883, 




To a solution of alcohol 50 (6.3 mg, 0.019 mmol) in pyridine (64 μL) was added acetic Ac2O (5.4 μL, 
0.057 mmol) at 0 ℃. After stirring for 12 h at room temperature, the reaction was quenched by the 
addition of 1N HCl. The aqueous layer was extracted with AcOEt three times. The combined organic 
layers were washed with saturated aq. NaHCO3, brine, dried over Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (Hexane/AcOEt = 15/1) gave compound 51 
(4.9 mg) in 83% yield as a brown oil. 
1H NMR (CDCl3) : δ 0.90 (3H, t, J = 7.2 Hz), 1.35-1.48 (4H, m), 1.76-1.84 (1H, m), 2.06-2.28 (3H, 
m), 2.24-2.28 (2H, m), 2.35-2.46 (2H, m), 2.62-2.73 (2H, m), 2.82 (1H, ddt, J = 3.2, 8.0, 23.2 Hz), 
3.04-3.07 (1H, m), 6.96 (1H, bs), 7.17-7.20 (3H, m), 7.26-7.30 (2H, m) ; 13C NMR (CDCl3) : δ 13.6, 
18.3, 21.9, 25.5, 31.0, 32.9, 33.6, 34.9, 41.7, 47.5, 77.2, 82.0, 126.0, 128.3, 128.4, 137.2, 141.4, 154.4 ; 
IR (neat) ν 3022, 2958, 2931, 2861, 1728, 1513, 1356, 1216, 762, 700, 688 cm-1 ; HRMS (ESI): 
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[M+Na]+ calculated for C20H25NO2Na: 334.1778, found: 334.1790 ; []D 27 = +21.85 (c 0.49, CHCl3) ; 




To a mixture of enone 61 (68 mg, 0.12 mmol) and 3,4-dinitrobenzaldehyde (235 mg, 1.2 mmol) and 
NaClO4 (74 mg, 0.6 mmol) in toluene (1.2 mL) was added Bi(OTf)3 (39 mg, 0.06 mmol) at room 
temperature. After stirring for 24 h, H2O was added to the reaction mixture. The aqueous layer was 
extracted with AcOEt three times. The combined organic layers were washed with brine, dried over 
Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column chromatography 
(toluene/hexane=5/1 to toluene/AcOEt=8/1) gave compound 62 (72 mg) in 78% yield as a brown oil. 
The diastereomeric ratio was determined by 1H NMR. The compound 62 was obtained 2:1 mixture of 
C7. 
1H NMR (CDCl3) : δ 1.20 (2H, d, J = 6.0 Hz), 1.22 (4H, d, J = 6.4 Hz), 1.59-1.65 (1.33H, m), 1.72-
2.05 (7.33H, m), 2.09-2.17 (1.33H, m), 2.36-2.43 (4H, m), 2.55 (d, 1H, J = 18.8 Hz), 2.62-2.79 (3H, 
m), 3.48-3.54 (1H, m), 4.56 (0.33H, t, J = 3.6 Hz), 4.63-4.70 (1.67H, m), 4.85 (0.67H, t, J = 3.6 Hz), 
4.91 (0.67H, bs), 4.93-5.04 (1.33H, m), 5.65 (0.33H, s), 6.19 (0.67H, s), 7.15-7.18 (3H, m), 7.24-7.30 
(2H, m), 7.45-7.52 (3H, m), 7.76-7.90 (6H, m), 7.90-8.02 (1H, m) ; 13C NMR (CDCl3) : δ 18.0, 18.2, 
21.8, 23.3, 23.6, 23.7, 24.8, 29.7, 30.4, 31.5, 31.6, 33.3, 33.5, 35.4, 35.5, 42.3, 45.0, 45.3, 45.8, 46.0, 
46.1, 65.3, 67.7, 67.9, 68.3, 70.8, 71.0, 72.0, 75.2, 75.9, 76.6, 76.9, 77.2, 77.4, 77.9, 78.2, 88.0, 89.2, 
91.8, 97.3, 123.3, 124.9, 125.0, 125.8, 125.9, 126.0, 126.1, 126.4, 126.5, 127.7, 127.8, 127.9, 128.1, 
128.2, 128.4, 131.0, 131.1, 132.9, 133.3, 136.1, 36.3, 142.1, 142.2, 142.6, 143.3, 144.2, 172.3, 215.9, 
216.6 ; IR (neat) ν 3060, 3024, 2980, 2934, 2863, 1741, 1726, 1603, 1545, 1496, 1454, 1363, 1350, 
1251, 1218, 1154, 1105, 1029, 960, 900, 846, 819, 756, 701, 667, 476 cm-1 ; HRMS (ESI): [M+Na]+ 






To a mixture of ketone 62 (10 mg, 0.013 mmol) and Ti(OiPr)4 (12 μL, 0.40 mmol) in iPrOH/CH2Cl2 
(1/1, 0.28 mL) was added NaBH4 (5.1 mg, 0.14 mmol) at -25 ℃ and the reaction mixture was stirred 
for 41 h. After completion of the reaction, saturated aq. NH4Cl was added to the reaction mixture. The 
aqueous layer was extracted with AcOEt three times. The combined organic layers were washed with 
brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt=2/1) gave compound 63 (8.8 mg) in 86% yield as a brown oil. The 
diastereomeric ratio was determined by 1H NMR. The compound 63 was obtained 2:1 mixture of C7. 
1H NMR (CDCl3) : δ 1.20 (2H, d, J = 6.8 Hz), 1.22 (4H, d, J = 6.8 Hz), 1.35-2.23 (14H, m), 2.35 (1H, 
dt, J = 2.0, 7.2 Hz), 2.39 (2H, t, J = 7.2 Hz), 2.65-2.81 (2H, m), 3.50-3.57 (1H, m), 3.91-4.00 (1H, m), 
4.41-4.43 (0.33H, m), 4.60 (0.67H, t, J = 3.2 Hz), 4.65-4.72 (2H, m), 4.78 (0.67H, bs), 4.92-5.04 
(1.33H, m), 5.53 (0.33H, s), 6.07 (0.67H, s), 7.16-7.20 (3H, m), 7.24-7.28 (2H, m), 7.45-7.51 (3H, m), 
7.76-7.90 (6H, m), 8.03 (0.67H, s), 8.07 (0.33H, s) ; 13C NMR (CDCl3) : δ 18.1, 18.2, 21.8, 23.5, 23.8, 
28.8, 30.7, 31.7, 31.8, 32.2, 33.4, 33.5, 35.5, 35.6, 41.1, 41.5, 48.3, 48.8, 49.6, 50.2, 65.5, 67.7, 67.8, 
68.2, 70.8, 71.0, 76.5, 77.2, 77.6, 78.0, 78.1, 78.3, 78.7, 81.6, 87.4, 88.2, 92.0, 97.4, 123.2, 125.0, 
125.1, 125.8, 125.9, 126.1, 126.2, 126.5, 127.7, 127.8, 127.9, 128.1, 128.2, 128.3, 128.4, 130.9, 131.0, 
132.9, 133.3, 136.1, 136.3, 142.2, 142.6, 142.8, 143.7, 144.7, 172.3 ; IR (neat) ν 3677, 3556, 3431, 
3059, 3019, 2982, 2935, 2862, 2404, 1722, 1603, 1547, 1496, 1455, 1351, 1217, 1144, 1106, 1029, 
963, 930, 898, 846, 819, 758, 701, 668, 477 cm-1 ; HRMS (ESI): [M+Na]+ calculated for 




To a mixture of acetal 63 (18.2 mg, 0.024 mmol) in Et2O (0.24 mL) and MeOH (0.24 mL) was added 
saturated aq. NH4Cl (0.12 mL) and Zn dust (31 mg, 0.48 mmol) at room temperature. After stirring 
for 20 min, the reaction mixture was added THF (0.24 mL), H2O (0.24 mL) and acetic acid (0.24 mL) 
at room temperature and the mixture was stirred for 5 h. After the completion of the reaction, aq. 
NaHCO3 was added to the reaction mixture. After filtration through celite pad, the aqueous layer was 
extracted with AcOEt three times. The combined organic layers were washed with brine, dried over 
Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column chromatography 
(Hexane/AcOEt=1/1) gave compound 64 (11.1 mg) in 79% yield as a yellow oil. The compound 64 
was obtained 2:1 mixture of C7. 
1H NMR (CDCl3) : δ 1.21 (2H, d, J = 6.4 Hz), 1.22 (4H, d, J = 6.4 Hz), 1.29-1.38 (1H, m), 1.51-2.00 
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(9H, m), 2.06-2.12 (1H, m), 2.17-2.24 (2.33H, m) 2.32 (0.67H, t, J = 7.6 Hz), 2.36 (1.33H, t, J = 7.2 
Hz), 2.47 (0.67H, br), 2.64-2.80 (2.33H, m), 2.92 (0.33H, br), 3.02 (0.33H, br), 3.19 (0.67H, br), 3.25 
(0.67H, br), 3.47-3.51 (1H, m), 4.01 (1H, br), 4.41 (0.33H, br), 4.50 (0.67H, br), 4.57 (0.67H, br), 
4.64-4.70 (2.33H, m), 4.99 (0.33H, sep, J = 6.4 Hz), 5.00 (0.67H, sep, J = 6.4 Hz), 7.15-7.19 (3H, m), 
7.24-7.28 (2H, m), 7.45-7.50 (3H, m), 7.76 (1H, bs), 7.82-7.84 (3H, m) ; 13C NMR (CDCl3) : δ 18.2, 
21.8, 23.8, 23.9, 29.4, 30.4, 31.7, 32.0, 32.1, 33.5, 35.5, 41.9, 42.1, 48.8, 49.7, 55.9, 56.4, 62.6, 63.1, 
67.8, 71.0, 75.9, 76.3, 78.2, 78.4, 78.7, 78.8, 81.3, 81.6, 84.6, 85.4, 125.8, 126.0, 126.1, 126.5, 127.7, 
127.9, 128.1, 128.4, 132.9, 133.3, 136.2, 142.2, 172.7 ; IR (neat) ν 3408, 3060, 3012, 2976, 2935, 
2863, 2447, 2403, 2227, 1947, 1724, 1634, 1603, 1509, 1496, 1454, 1375, 1337, 1217, 1182, 1107, 
1069, 963, 895, 856, 818, 752, 700, 667, 622 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C37H46O6Na: 




To a mixture of triol 64 (11.1 mg, 0.019 mmol) and DCC (39 mg, 0.19 mmol) and DMAP (2.3 mg, 
0.019 mmol) in CH2Cl2 (0.19 mL) was added HCO2H (7.1 μL, 0.19 mmol) at 0 ℃ and the reaction 
mixture was stirred for 20 min. After completion of the reaction, the mixture was filtrated through a 
celite pad. The residue was washed with AcOEt three times. The combined organic layer was 
concentrated in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt=3/1) 
gave compound 65 (12.1 mg) in 95% yield as a pale yellow oil. The compound 65 was obtained 2:1 
mixture of C7. 
1H NMR (CDCl3) : δ 1.20 (4H, d, J = 6.4 Hz), 1.22 (2H, d, J = 6.0 Hz), 1.47-1.97 (10H, m), 2.11 
(1.33H, dt, J = 2.0, 6.8 Hz), 2.15-2.33 (4.67H, m), 2.64-2.80 (2H, m), 3.46-3.50 (1H, m), 4.65-4.67 
(2H, m), 4.97 (0.67H, sep, J = 6.4 Hz), 5.00 (0.33H, sep, J = 6.0 Hz), 5.07-5.12 (1H, m), 5.40 (0.67H, 
t, J = 4.8 Hz), 5.45-5.48 (0.33H, m), 5.62 (0.33H, d, J = 10.4 Hz), 5.65 (0.67H, d, J = 8.4 Hz), 7.15-
7.20 (3H, m), 7.24-7.28 (2H, m), 7.45-7.50 (3H, m), 7.78 (1H, bs), 7.83-7.88 (3H, m), 7.96-8.04 (3H, 
m) ; 13C NMR (CDCl3) : δ 18.0, 21.8, 23.5, 23.6, 28.3, 30.8, 31.1, 31.6, 33.3, 35.5, 35.6, 38.1, 38.3, 
46.3, 47.5, 50.9, 51.0, 62.6, 63.9, 67.7, 70.8, 70.9, 74.0, 75.2, 76.3, 76.4, 77.7, 77.9, 78.2, 78.4, 86.7, 
87.4, 125.8, 125.9, 126.1, 126.3, 127.7, 127.8, 128.1, 128.2, 128.3, 128.4, 132.9, 133.2, 136.1, 136.2, 
142.1, 159.4, 159.7, 160.1, 160.4, 172.3, 172.4 ; IR (neat) ν 3084, 3059, 3025, 2981, 2934, 2864, 2244, 
1725, 1603, 1509, 1496, 1455, 1375, 1215, 1165, 1108, 961, 898, 857, 819, 756, 701, 667, 623, 533, 
513, 500, 475, 442, 423, 415 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C40H46O9Na: 693.3034, 






To a mixture of triformate 65 (11.7 mg, 17.4 μmol) and Pd(acac)2 (2.7 mg, 8.7 μmol) in toluene (0.17 
mL) was added PBu3 (6.5 μL, 26 μmol) at room temperature. The reaction mixture was warmed to 50 
oC and the mixture was stirred for 1.5 hours. After completion of the reaction, the reaction mixture 
was passed through Pasteur column and washed with AcOEt and the organic layers were concentrated 
in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt=6/1) gave 
compound 66 (8.2 mg) in 75% yield as a pale yellow oil. 
1H NMR (CDCl3) : 1.22 (6H, d, J = 6.4 Hz), 1.39-1.50 (1H, m), 1.58-1.69 (2H, m), 1.71-1.87 (6H, m), 
1.90-2.05 (2H, m), 2.13-2.17 (2H, m), 2.25-2.35 (4H, m), 2.41 (1H, ddd, J = 2.8, 4.4, 16.0 Hz), 2.63-
2.80 (2H, m), 3.47-3.51 (1H, m), 4.66 (2H, dd, J = 11.6, 15.2 Hz), 4.97-5.05 (2H, m), 5.35 (1H, t, J = 
4.4 Hz), 7.16-7.20 (3H, m), 7.25-7.28 (2H, m), 7.45-7.51 (3H, m), 7.77 (1H, s), 7.83-7.85 (3H, m), 
7.97 (1H, s), 8.07 (1H, s) ; 13C NMR (CDCl3) : δ 17.8, 18.1, 21.8(2C), 24.2, 27.1, 31.0, 31.6, 33.5, 
35.5, 38.7, 47.3, 48.0, 67.6, 71.0, 75.3, 77.8, 78.1, 78.4, 80.4, 125.8 (2C), 125.9, 126.1, 126.4, 127.7, 
127.9, 128.2, 128.4 (4C), 132.9, 133.3, 136.2, 142.2, 160.5 (2C), 172.7 ; IR (neat) ν 3059, 3025, 2980, 
2933, 2860, 1724, 1603, 1509, 1496, 1455, 1435, 1374, 1338, 1311, 1248, 1215, 1172, 1108, 1070, 
959, 893, 856, 817, 759, 701, 665 cm-1 ; HRMS (ESI): [M+Na]+ calculated for C39H46O7Na: 649.3136, 




To a mixture of alkyne 66 (5.8 mg, 9.3 μmol) in AcOEt (0.3 mL) was added Lindlar cat. (2.9 mg) at 
rom temperature. The mixture was purged with H2 and the reaction mixture was stirred for 4 h. After 
completion of the reaction, the mixture was concentrated in vacuo to remove AcOEt. CH2Cl2 (0.3 mL) 
and H2O (30 μL) were added to the residue and the reaction vessel was cooled to 0 ℃. The mixture 
was added DDQ (10.5 mg, 46.3 μmol) and the reaction mixture was stirred for 30 min. After the 
completion of the reaction, the mixture was added MeOH (0.3 mL) and NaBH4 (5.2 mg, 0.14 mmol) 
to the same vassel at 0 oC and the reaction mixture was stirred for 2.5 h. After the completion of the 
reaction, aq. NH4Cl was added to the reaction mixture. The aqueous layer was extracted with AcOEt 
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three times. The combined organic layers were washed with brine, dried over Na2SO4 and concentrated 
in vacuo. Purification by neutral silica gel columnchromatography (Hexane/AcOEt=1/2) gave 
latanoprost (1) (3.3 mg) in 83% yield as a pale yellow oil. 
1H NMR (CDCl3) : δ 1.23 (6H, d, J = 6.0 Hz), 1.32-1.43 (2H, m), 1.48-1.73 (H, m), 1.75-1.83 (2H, 
m), 1.87-1.90 (2H, m), 2.08-2.09 (2H, m), 2.12-2.37 (5H, m), 2.64-2.72 (1H, m), 2.77-2.84 (1H, m), 
3.67 (1H, quin, J = 5.2 Hz), 3.95 (1H, br), 4.18 (1H, br), 5.00 (1H, sep, J = 6.0 Hz), 5.36-5.49 (2H, 
m), 7.17-7.21 (3H, m), 7.26-7.31 (2H, m) ; 13C NMR (CDCl3) : δ 21.8 (2C), 24.9, 26.6, 26.9, 29.7, 
32.1, 34.0, 35.8, 39.1, 42.5, 51.9, 53.0, 67.7, 71.3, 75.0, 78.9, 125.8, 128.4 (4C), 129.3, 129.6, 142.1, 
173.5 ; HRMS (ESI): [M+Na]+ calculated for C26H40O5Na: 455.2768, found: 455.2770 ; []D 26 = 





The HWE reagent was prepared by the following procedure. To a mixture of ethyl 2-
(diethoxyphosphoryl)acetate (10.2 mL, 75.0 mmol) in THF (100 mL) was added NaH (60% in oil,  
2.50 g, 62.5 mmol) at 0 ℃. The reaction mixture was warmed to rt and stirred for 2 h. The resulting 
solution was used directly to the reaction. 
To a mixture of polymer form ethyl glyoxylate (14) (47% in tolene, 5.43g, 25.0 mmol, used after 
evaporation) and acetaldehyde (9) (4.20 mL, 75.0 mmol) and H2O (1.35 mL, 75.0 mmol) in MeCN 
(25.0 mL) was added diarylprolinol (1.31 g, 2.50 mmol) at 0 ℃ and the reaction mixture was stirred 
for 48 h. The HWE reagent was added to the reaction mixture at 0 ℃. After the completion of the 
reaction, aq. NH4Cl was added to the reaction mixture. The aqueous layer was extracted with AcOEt 
three times. The combined organic layers were washed with brine, dried over Na2SO4 and concentrated 
in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt= 2/1) gave ketone 
13 (3.64 g) in 78% yield as a yellow oil 
1H NMR (CDCl3) : δ 1.30 (3H, t, J = 7.2 Hz), 2.26 (3H, s), 2.54-2.62 (1H, m), 2.72-2.79 (1H, m), 
4.23-4.34 (3H, m), 6.15 (1H, dt, J = 1.6, 16.0 Hz), 6.78 (1H, dt, J = 6.8, 16.0 Hz) ; 13C NMR (CDCl3) : 
δ 13.7, 26.1, 36.7, 61.2, 68.9, 133.3, 142.3, 173.2, 198.2 ; HRMS (ESI): [M+Na]+ calculated for 
C9H14O4Na: 209.0784, found: 209.0791 ; 88% ee, Enantiomeric excess was determined by HPLC with 
a CHIRALPAK OJ-H column (iPrOH : hexane = 20 : 1), mL/min, minor enantiomer tR = 21.1 min, 






To a mixture of alcohol 13 (27.2 mg, 0.146 mmol) and 3,4-dinitrobenzaldehyde (85.9 mg, 0.438 
mmol) and NaClO4 (17.9 mg, 0.146 mmol) in ClCH2CH2Cl (0.300 mL) was added Bi(OTf)3 (9.60 mg,  
14.6 μmol) at rt and the reaction mixture was stirred for 5.5 h. After the completion of the reaction, 
water was added to the reaction mixture. The aqueous layer was extracted with AcOEt three times. 
The combined organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (Hexane/Toluene = 5/1 to Toluene/AcOEt 
= 4/1) gave acetal 11 (37.5 mg) in 66% yield as a orange solid. 
1H NMR (CDCl3) : δ 1.31 (3H, t, J = 7.2 Hz), 1.75 (1H, dt, J = 11.6, 13.2 Hz), 2.11 (1H, dt, J = 2.4, 
13.2 Hz), 2.22 (3H, s), 2.65 (1H, dd, J = 5.2, 17.2 Hz), 2.96 (1H, dd, J = 2.8, 17.2 Hz), 4.28 (2H, q, J 
= 7.2 Hz), 4.45-4.51 (1H, m), 5.54 (1H, dd, J = 2.4, 11.6 Hz), 5.69 (1H, s), 7.87 (1H, dd, J = 1.6, 8.4 
Hz), 7.91 (1H, d, J = 8.4 Hz), 8.06 (1H, d, J = 1.6 Hz) ; 13C NMR (CDCl3) : δ 14.1, 30.9, 32.9, 48.6, 
61.7, 72.8, 75.0, 97.7, 123.3, 125.0, 131.3, 142.7, 143.5, 143.6, 168.9, 205.0 ; HRMS (ESI): [M+Na]+ 
calculated for C16H18O9N2Na: 409.0905, found: 409.0.11 ; [α]D 26 = +21.06 (c 1.07, CHCl3) ; Rf = 0.58 




To a mixture of aldehyde 15 (1.83 mL, 10.00 mmol) and aldehyde 8 (842 mg, 5.00 mmol) and H2O 
(270 μL, 15.0 mmol) in 1,4-dioxane (5.00 mL) was added diarylprolinol (263 mg, 0.500 mmol) at rt 
and the reaction mixture was stirred for 24 h. After the completion of the reaction, the mixture was 
cooled to 0 ℃ and added MeOH (16.7 mL) NaBH4 (567 mg, 15.0 μmol) and the reaction mixture was 
stirred for 30 min at 0 ℃. After the completion of the reaction, sat. NH4Cl aq. was added to the reaction 
mixture. The aqueous layer was extracted with AcOEt three times. The combined organic layers were 
washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel 
column chromatography (Hexane/AcOEt = 2/1) gave 7:1 diastereomer mixture of diol 18 (1.50 g) in 
82% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.57-0.63 (6H, m), 2.12-2.19 (1H, m), 2.22 (1H, b), 3.06 (1H, b), 3.71 (1H, dd, 
J = 5.6, 9.6 Hz), 3.78-3.48 (5H, m), 3.92-3.98 (1H, m), 4.46 (2H, d, J = 3.6 Hz), 4.66 (1H, t, J = 5.6 
Hz), 6.86-6.90 (2H, m), 7.23-7.26 (2H, m) ; 13C NMR (CDCl3) : δ 4.2 (3C), 7.4 (3C), 46.3, 55.2, 62.1, 
63.3, 69.6, 73.2, 88.0, 106.2, 113.8 (2C), 129.3 (2C), 129.7, 159.2 ; HRMS (ESI): [M+Na]+ calculated 
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To a mixture of diol 18 (436 mg, 1.20 mmol) and imidazole (367 mg, 5.40 mmol) and DMAP (mg, 
mmol) in DMF (2.40 mL) was added TBSCl (543 mg, 3.60 mmol) at 0 ℃ and the reaction mixture 
was stirred for 1 h. After the completion of the reaction, phosphate buffer was added to the reaction 
mixture. The aqueous layer was extracted with AcOEt three times. The combined organic layers were 
washed with water and brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral 
silica gel column chromatography (Hexane/AcOEt = 30/1) gave compound 19 (655 mg) in 92% yield 
as a yellow oil. 
1H NMR (CDCl3) : δ 0.03-0.12 (12H, m), 0.54-0.60 (6H, m), 0.88-0.91 (18H, m), 0.95-0.99 (9H, m), 
2.04-2.08 (1H, m), 3.54 (1H, dd, J = 7.2, 9.2 Hz), 3.64 (1H, dd, J = 6.0, 9.2 Hz), 3.72 (1H, dd, J = 6.4, 
10.0 Hz), 3.80-3.85 (4H, m), 4.41 (2H, d, J = 3.2 Hz), 4.63 (1H, d, J = 5.2 Hz), 6.85-6.87 (2H, m), 
7.24-7.26 (2H, m); 13C NMR (CDCl3) : δ -5.5, -5.4, -5.3, -4.7, 4.3 (3C), 7.4 (3C), 18.2 (2C), 25.7 (3C), 
25.9 (3C), 48.6, 55.1, 60.3, 61.5, 67.1, 72.8, 86.9, 107.2, 113.7 (2C), 129.2 (2C), 130.7, 159.1 ; HRMS 
(ESI): [M+Na]+ calculated for C32H60O4Si3Na: 615.3692, found: 615.3693; [α]D27 = +5.53 (c 0.60, 




To a mixture of compound 20 (120 mg, 0.201 mmol) in EtOH (0.667 mL) was added PPTS (50.5 mg, 
0.201 mmol) at rt and the reaction mixture was stirred for 12 h. After the completion of the reaction, 
aq. NaHCO3 was added to the reaction mixture. The aqueous layer was extracted with AcOEt three 
times. The combined organic layers were washed with brine, dried over Na2SO4 and concentrated in 
vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt = 6/1) gave alcohol 
20 (87.2 mg) in 90% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.12 (3H, s), 0.17 (3H, s), 0.55-0.61 (6H, m), 0.90 (9H, s), 0.65-0.99 (9H, m), 
1.97-2.03 (1H, m), 2.79 (1H, dd, J = 4.4, 7.2 Hz), 3.79 (2H, ddd, J = 6.0, 7.2, 23.2 Hz), 3.77-3.81 (4H, 
m), 4.06 (1H, dt, J = 4.4, 11.6 Hz), 4.43 (2H, d, J = 2.4 Hz), 4.70 (1H, d, J = 4.8 Hz), 6.86-6.89 (2H, 
m), 7.23-7.26 (2H, m) ; 13C NMR (CDCl3) : δ -5.5, -4.8, 4.1 (3C), 7.2 (3C), 17.9, 25.6 (3C), 47.1, 55.0, 
62.3, 63.2, 69.0, 73.0, 87.7, 106.9, 113.5, 129.1 (2C), 130.0 (2C), 159.1 ; HRMS (ESI): [M+Na]+ 
calculated for C26H46O4Si2Na: 501.2827, found: 501.2822; [α]D 27 = +21.03 (c 0.80, CHCl3) ; Rf = 0.30 
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To a mixture of alcohol 12 (101 mg, 0.210 mmol) and TEMPO (1.60 mg, 10.5 μmol) and KBr (2.5 
mg, 21.0 μmol) in CHCl3 (0.260 mL) and saturated aq. NaHCO3 (0.160 mL) was added aq. NaClO 
(200 μL) slowly at 0 ℃ and the reaction mixture was stirred for 5 min. After the completion of the 
reaction, aq. Na2S2O3 was added to the reaction mixture. The aqueous layer was extracted with CHCl3 
three times. The combined organic layers were washed with brine, dried over Na2SO4 and concentrated 
in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt = 30/1) gave 7:1 
diastereomer mixture of aldehyde 12 (85.0 mg) in 85% yield as a pale yellow oil. 
1H NMR (CDCl3) : δ 0.10-0.16 (6H, m), 0.54-0.61 (6H, m), 0.85-0.88 (9H, m), 0.94-1.00 (9H, m), 
2.77-2.80 (1H, m), 3.65 (1H, dd, J = 7.6, 9.6 Hz), 3.80-3.84 (4H, m), 4.41 (2H, s), 4.87 (1H, d, J = 4.4 
Hz), 6.85-6.89 (2H, m), 7.21-7.24 (2H, m), 9.91 (1H, d, J = 1.2 Hz); 13C NMR (CDCl3) : δ -5.4, -4.7, 
4.1 (3C), 7.3 (3C), 18.0, 25.5 (3C), 55.1, 58.2, 60.3, 65.2, 73.1, 89.1, 105.8, 113.7 (2C), 129.3 (2C), 
129.8, 159.2, 201.9 ; HRMS (ESI): [M+Na]+ calculated for C26H44O4Si2Na: 499.2670, found: 




To a mixture of alkynilaldehyde 8 (283 mg, 1.68 mmol) and acetaldehyde (9) (282 μL, 5.04 mmol) 
and H2O (90.8 μL, 5.04 mmol) in 1,4-dioxane (1.68 mL) was added diarylprolinol (88.3 mg, 0.168 
mmol) at rt and the reaction mixture was stirred for 24 h. After the completion of the reaction, the 
mixture was added MeNO2 (3.10 mL, 44.5 mmol) and MeONa (127 mg, 2.35 mmol) in MeOH (2.00 
mL) and the reaction mixture was stirred for 0.5 h at rt. After the completion of the reaction, aq. NH4Cl 
was added to the reaction mixture. The aqueous layer was extracted with AcOEt three times. The 
combined organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (Hexane/AcOEt = 6/1) two times gave 1:1 
diastereomer mixture of nitrodiol 7 (294 mg) in 64% yield as a pale yellow oil. 
1H NMR (CDCl3) : δ 0.60-0.64 (6H, m), 0.95-1.00 (9H, m), 1.86 (0.5H, ddd, J = 3.2, 7.2, 14.4 Hz), 
1.91-2.06 (1.5H, m), 4.46-4.51 (2H, m), 4.65-4.68 (0.5H, m), 4.69-4.73 (1H, m), 4.78-4.84 (0.5H, m) ; 
13C NMR (CDCl3) : δ 4.1 (3C), 7.3 (3C), 40.0 (0.5C), 40.5 (0.5C), 59.8 (0.5C), 60.7 (0.5C), 65.9 
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(0.5C), 67.3 (0.5C), 80.2, 88.2 (0.5C), 88.4 (0.5C), 106.1 (0.5C), 106.2 (0.5C) ; HRMS (ESI): 




To a mixture of nitrodiol 7 (820 mg, 3.00 mmol) and 1,1-dimethoxycyclopentane (2.70 mL, 30.0 
mmol) in benzene (15.0 mL) was added TsOH.H2O (57.1 mg, 0.300 mmol) and the reaction mixture 
was stirred for h at 80 ℃. After the completion of the reaction, aq. NaHCO3 was added to the reaction 
mixture at 0 ℃. The aqueous layer was extracted with AcOEt three times. The combined organic 
layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral 
silica gel column chromatography (Hexane/AcOEt = 9/1) gave acetal 36 (887 mg) in 87% yield as a 
orange oil. 
1H NMR (CDCl3) : δ 0.59-0.66 (6H, m), 0.94-1.01 (9H, m), 1.53-1.99 (9H, m), 2.16-2.31 (1H, m), 
4.31 (0.5H, dd, J = 3.6, 12.8 Hz), 4.36 (0.5H, dd, J = 3.6, 13.2 Hz), 4.42-4.49 (1H, m), 4.42-4.49 (0.5H, 
m), 4.62 (0.5H, dd, J = 3.6, 11.2 Hz), 4.85-4.95 (1H, m) ; 13C NMR (CDCl3) : δ 4.0 (3C), 7.2 (3C), 
21.3 (0.5C), 22.3 (0.5C), 24.1 (0.5C), 24.3 (0.5C), 30.8 (0.5C), 32.7 (0.5C), 33.4 (0.5C), 33.9 (0.5C), 
39.9 (0.5C), 40.0 (0.5C), 61.0 (0.5C), 61.6 (0.5C), 64.4 (0.5C), 67.0 (0.5C), 78.6 (0.5C), 78.7 (0.5C), 
87.4 (0.5C), 89.5 (0.5C), 104.0 (0.5C), 105.9 (0.5C), 111.4 ; HRMS (ESI): [M+Na]+ calculated for 




To a mixture of acetal 36 (511 mg, 1.50 mmol) and acetic acid (858 μL, 15.0 mmol) in DMSO (3.00 
mL) was added NaNO2 (311 mg, 4.50 mmol) and the reaction mixture was stirred for 6.5 h at 35 ℃. 
After the completion of the reaction, water was added to the reaction mixture at 0 ℃. The aqueous 
layer was extracted with AcOEt three times. The combined organic layers were dried over Na2SO4 
and concentrated in vacuo. The crude carboxylic acid 37 was used for next reaction without futher 
purification. 
To a mixture of crude carboxylic acid 37 and iodomethane (280 μL, 4.50 mmol) in DMF (5.00 mL) 
was added K2CO3 (933 mg, 6.75 mmol) and the reaction mixture was stirred for 1 h at rt. After the 
completion of the reaction, phosphate buffer was added to the reaction mixture. The aqueous layer 
was extracted with AcOEt three times. The combined organic layers were washed with water and brine, 
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dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt = 9/1) gave ester 38 (439 mg) in 87% yield as a orange oil. 
1H NMR (CDCl3) : δ 0.59-0.65 (6H, m), 0.95-1.01 (9H, m), 1.57-1.76 (3H, m), 1.86-2.36 (7H, m), 
3.78 (1.5H, s), 3.81 (1.5H, s), 4.39 (0.5H, dd, J = 2.8, 12.0 Hz), 4.61 (0.5H, dd, J = 2.8, 11.2 Hz), 4.72 
(0.5H, dd, J = 3.2, 10.8 Hz), 4.84 (0.5H, dd, J = 3.2, 5.6 Hz) ; 13C NMR (CDCl3) : δ 3.9 (3C), 7.0 (3C), 
21.6 (0.5C), 22.3 (0.5C), 23.7 (0.5C), 24.3 (0.5C), 24.9 (0.5C), 30.7 (0.5C), 32.8 (0.5C), 33.9 (0.5C), 
34.1 (0.5C), 39.2 (0.5C), 40.0 (0.5C), 51.9, 60.8 (0.5C), 61.5 (0.5C), 66.9 (0.5C), 69.4 (0.5C), 104.1 
(0.5C), 105.8 (0.5C), 111.3, 170.0 (0.5C), 170.9 (0.5C) ; HRMS (ESI): [M+Na]+ calculated for 




To a mixture of BH3.THF (0.91M in THF, 24.7 mL, 22.5 mmol) in THF (15.7 mL) was added 
cyclopentene (4.60 mL, 45.0 mmol) at 0 ℃ and the reaction mixture was stirred at rt. After stirring 
for 1 h at, the mixture was added alkyne 38 (1.52 g, 4.5 mmol) in THF (45 mL) at 0 ℃ and stirred for 
30 min. After the completion of the reaction, MeOH (45.0 mL) and the mixture of H2O2 (30% in H2O, 
10.9 mL,135 mmol) and NaHCO3 (7.56 g, 90.0 mmol) in H2O (45.0 mL) were added to the reaction 
mixture. After stirring for 3 h, TBAF (1 M in THF, 22.5 mL, 22.5 mmol) was added to the reaction 
mixture and stirred for 1.5 h at 0 ℃. After the completion of the reaction, aq. Na2S2O3 and 1N HCl 
were added to the reaction mixture. The aqueous layer was extracted with AcOEt five times. The 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude carboxylic 
acid 39 was used for next reaction without futher purification. 
To a mixture of crude carboxylic acid 39 and iodomethane (4.20 mL, 67.5 mmol) in DMF (45.0 mL) 
was added K2CO3 (14.0 g, 101 mmol) and the reaction mixture was stirred for 1 h at rt. After the 
completion of the reaction, phosphate buffer was added to the reaction mixture. The aqueous layer 
was extracted with AcOEt three times. The combined organic layers were washed with water and brine, 
dried over Na2SO4 and concentrated in vacuo. The crude carboxylic acid 39 was used for next reaction 
without futher purification. 
To a mixture of crude ester 40 in MeOH (43.0 mL) was added NaBH4 (3.26 g, 86.0 mmol) at 0 ℃ and 
the reaction mixture was stirred for2 h at rt. After the completion of the reaction, aq. NH4Cl was added 
to the reaction mixture. The aqueous layer was extracted with AcOEt three times. The combined 
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organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by 
neutral silica gel column chromatography (Hexane/AcOEt = 3/1 to 1/1) gave 1:1 diastereomer mixture 
of alcohol 41 (557 mg) in 51% yield as a pale yellow oil. 
1H NMR (CDCl3) : δ 1.39 (0.5H, dt, J = 11.6, 12.8 Hz), 1.51 (0.5H, dt, J = 2.4, 13.6 Hz), 1.55-1.99 
(9H, m), 2.42 (0.5H, dd, J = 6.0, 16.0 Hz), 2.46 (0.5H, dd, J = 5.2, 16.0 Hz), 2.57 (0.5H, dd, J = 4.4, 
16.0 Hz), 2.58 (0.5H, dd, J = 5.2, 16.0 Hz), 3.49-3.65 (2H, m), 3.69 (3H, s), 3.89-3.96 (1H, m), 4.20-
4.28 (1H, m) ; 13C NMR (CDCl3) : δ 22.4 (0.5C), 23.3 (0.5C), 23.5 (0.5C), 24.3 (0.5C), 31.3 (0.5C), 
31.9 (0.5C), 36.2 (0.5C), 36.8 (0.5C), 39.9 (0.5C), 40.1 (0.5C), 41.0 (0.5C), 41.4 (0.5C), 51.6 (0.5C), 
51.7 (0.5C), 65.5 (0.5C), 65.8 (0.5C), 67.0 (0.5C), 69.4 (0.5C), 71.0 (0.5C), 73.0 (0.5C), 110.8 (0.5C), 
118.7 (0.5C), 171.3 (0.5C), 172.9 (0.5C) ; HRMS (ESI): [M+Na]+ calculated for C12H20O5Na: 




To a mixture of alcohol 41 (901 mg, 3.69 mmol) and Et3N (2.57 mL, 18.5 mmol) in CH2Cl2 (34.0 mL) 
and DMSO (3.40 mL) was added SO3.py (1.76 g, 11.1 mmol) and the reaction mixture was stirred for 
1.5 h at 0 ℃. After the completion of the reaction, phosphate buffer was added to the reaction mixture. 
The aqueous layer was extracted with AcOEt three times. The combined organic layers were washed 
with brine, dried over Na2SO4 and concentrated in vacuo. The crude carboxylic acid 39 was used for 
next reaction without futher purification. 
To a mixture of crude alcohol 42 in MeOH (36.9 mL) was added K2CO3 (1.53 g, 11.1 mmol) and the 
reaction mixture was stirred for 1 h at rt. After the completion of the reaction, 1N HCl was added to 
the reaction mixture. The aqueous layer was extracted with AcOEt three times. The combined organic 
layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral 
silica gel column chromatography (Hexane/AcOEt = 2/1) gave aldehyde 42 (649 mg) in 72% yield as 
a yellow oil. 
1H NMR (CDCl3) : δ 1.42 (1H, dt, J = 12.0, 12.8 Hz), 1.61-1.74 (4H, m), 1.85 (1H, dt, J = 2.8, 123.8 
Hz), 1.83-1.87 (4H, m), 2.45 (1H, dd, J = 5.6, 16.0 Hz), 2.60 (1H, dd, J = 7.2, 16.0 Hz), 3.70 (3H, s), 
4.23-4.32 (2H, m), 9.60 (1H, s); 13C NMR (CDCl3) : δ 22.4, 24.3, 30.6, 31.0, 39.9, 40.7, 51.6, 66.9, 
75.0, 111.1, 170.8, 200.8 ; HRMS (ESI): [M+Na]+ calculated for C12H18O5Na: 265.1046, found: 






To a mixture of ketone 11 (2.06 g, 5.40 mmol) and iPr2NEt (2.82 mL, 16.2 mmol) in CH2Cl2 (10.8 
mL) was added TMSOTf (1.95 mL, 10.8 mmol) and the reaction mixture was stirred for 1 h at 0 ℃. 
After the completion of the reaction, aq. NaHCO3 was added to the reaction mixture. The aqueous 
layer was extracted with AcOEt three times. The combined organic layers were dried over Na2SO4 
and concentrated in vacuo. The crude silylenolether 44 was used for next reaction without futher 
purification. 
To a mixture of crude silylenolether 44 and aldehyde 12 (2.15 g, 4.50 mmol) in CH2Cl2 (45.0 mL) was 
added BF3.OEt2 (678 μL, 5.40 mmol) at -78 ℃ and the reaction mixture was stirred for 1 h at this 
temperature. After the completion of the reaction, aq. NaHCO3 was added to the reaction mixture. The 
aqueous layer was extracted with AcOEt three times. The combined organic layers were washed with 
brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt = 9/1 to 2/1) gave ketoaldehyde 44 (3.69 g) in 95% yield as a orange 
oil. 
1H NMR (CDCl3) : δ -0.13-0.18 (6H, m), 0.56-0.62 (6H, m), 0.89 (9H, s), 0.94-0.98 (9H, m), 1.31 
(3H, t, J = 7.2 Hz), 1.70 (1H, dt, J = 11.6, 24.8 Hz), 1.83-1.86 (1H, m), 2.52 (1H, dd, J = 3.6, 15.2 Hz), 
2.66 (1H, dd, J = 5.6, 17.2 Hz), 2.80 (1H, dd, J = 9.6, 15.2 Hz), 2.93 (1H, dd, J = 6.8, 17.2 Hz), 3.50 
(1H, bd, J = 2.8 Hz), 3.67 (1H, dd, J = 7.2, 9.6 Hz), 3.75 (1H, dd, J = 4.8, 7.2 Hz), 3.80 (3H, s), 4.26 
(2H, q, J = 7.2 Hz), 4.41 (2H, s), 4.45-4.54 (2H, m), 4.79 (1H, d, J = 3.6 Hz), 4.81-4.85 (1H, m), 5.65 
(1H, s), 6.86-6.89 (2H, m), 7.21-7.25 (2H, m), 7.87 (2H, s), 8.06 (1H, s); 13C NMR (CDCl3) : δ -5.4, 
-4.7, 4.2 (3C), 7.4 (3C), 14.1, 18.0, 25.7 (3C), 33.0, 48.1, 49.0, 49.3, 55.2, 61.6, 63.9, 66.7, 67.3, 72.9, 
73.3, 75.1, 88.7, 97.6, 106.5, 113.8 (2C), 123.3, 124.9, 129.5 (2C), 129.8, 131.2, 142.7, 142.8, 143.7, 
159.3, 168.9, 205.8 ; HRMS (ESI): [M+Na]+ calculated for C42H62O13N2Si2Na: 881.3683, found: 




To a mixture of ketone 10 (3.50 g, 4.07 mmol) in MeOH (81.4 mL) was added TsOH.H2O (774 mg, 
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4.07 mmol) and the reaction mixture was stirred for 1 h at rt. After the completion of the reaction, aq. 
NaHCO3 was added to the reaction mixture. The aqueous layer was extracted with AcOEt three times. 
The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude acetal was 
used for next reaction without futher purification. 
To a mixture of crude acetal and lutidine (1.42 mL, 12.2 mmol) in CH2Cl2 (40.7 mL) was added 
TBSOTf (1.87 mL, 8.14 mmol) at 0 ℃ and the reaction mixture was stirred for 5 min at this 
temperature. After the completion of the reaction, aq. NH4Cl was added to the reaction mixture. The 
aqueous layer was extracted with AcOEt three times. The combined organic layers were washed with 
brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt= 3/1) gave 45 (3.14 g) in 88% yield as a yellow oil. 
1H NMR (CDCl3) : δ -0.12 (3H, s), 0.0 (3H, s), 0.56-0.62 (6H, m), 0.78 (9H, s), 0.96-1.01 (9H, m), 
1.31 (3H, t, J = 7.2 Hz), 1.43-1.55 (2H, m), 1.83 (1H, dt, J = 11.6, 13.2 Hz), 1.93-1.99 (2H, m), 2.08-
2.14 (2H, m), 3.17 (3H, s), 3.68 (1H, dd, J = 2.4, 9.2 Hz), 3.81-3.83 (4H, m), 4.06-4.17 (2H, m), 4.26 
(2H, q, J = 7.2 Hz), 4.31 (1H, d, J = 10.8 Hz), 4.48 (1H, d, J = 10.8 Hz), 4.53 (1H, dd, J = 2.8, 11.6 
Hz), 5.67 (1H, s), 6.86-6.89 (2H, m), 7.22-7.24 (2H, m), 7.87 (2H, s), 8.08 (1H, s) ; 13C NMR (CDCl3) : 
δ169.01, 168.70, 159.00, 143.62, 142.97, 131.37, 131.32, 130.65, 130.62, 129.18, 129.10, 125.23, 124.98, 
123.60, 123.53, 113.60, 113.58, 105.11, 104.16, 100.24, 97.80, 97.69, 97.41, 87.59, 87.34, 75.36, 75.24, 
74.05, 73.40, 73.20, 73.14, 66.02, 64.01, 63.72, 62.74, 61.75, 61.70, 55.22, 50.87, 50.41, 49.75, 48.01, 
45.49, 45.02, 43.79, 41.65, 33.02, 25.76, 25.64, 17.92, 17.83, 14.10, 7.49, 7.45, 4.29, 4.26, -4.38, -5.05, -
5.06 ; HRMS (ESI): [M+Na]+ calculated for C43H64O13N2Si2Na: 895.3839, found: 895.3849; [α]D 26 = 




To a mixture of acetal (3.92 g, 4.07 mmol) in THF (40 mL), H2O (40 mL) and AcOH (20 mL) was 
added Zn dust (5.32 g, 81.4 mmol) and the reaction mixture was stirred for 4 h at rt. After the 
completion of the reaction, aq. NaHCO3 was added to the reaction mixture. After the filtration through 
short silica gel pad, the aqueous layer was extracted with AcOEt three times. The combined organic 
layers were dried over Na2SO4 and concentrated in vacuo. The crude diol 47 was used for next reaction 
without futher purification. 
To a mixture of crude diol 47 and 1,1-dimehoxy cyclopentane (12.8 mL,92.8 mmol) in CH2Cl2 (37.1 
mL) was added PPTS (2.80 g, 11.1 mmol) and the reaction mixture was stirred for 0.5 h at rt. After 
the completion of the reaction, aq. NaHCO3 was added to the reaction mixture. The aqueous layer was 
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extracted with AcOEt three times. The combined organic layers were washed with brine, dried over 
Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column chromatography 
(Hexane/AcOEt=6/1) gave 48 (1.95 g) in 63% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.05-0.08 (6H, m), 0.56-0.62 (6H, m), 0.84-0.87 (9H, m), 0.90-1.01 (9H, m), 
1.28 (3H, t, J = 7.2 Hz), 1.41-1.81 (7H, m), 1.84-2.03 (5H, m), 2.17 (1H, dd, J = 4.8, 9.2 Hz), 3.12 
(3H, s), 3.68 (1H, dd, J = 2.0, 4.4 Hz), 3.80-3.83 (4H, m), 3.88-3.93 (1H, m), 4.11-4.25 (3H, m), 4.31 
(1H, d, J = 11.2 Hz), 4.38-4.42 (2H, m), 4.45 (1H, d, J = 11.2 Hz), 6.85-6.88 (2H, m), 7.23-7.25 (2H, 
m) ; 13C NMR (CDCl3) : δ 170.39, 158.95, 130.74, 129.14, 129.08, 113.57, 111.19, 105.11, 97.50, 86.58, 
73.19, 70.63, 67.45, 66.17, 64.07, 62.28, 61.25, 55.22, 50.87, 50.33, 45.31, 44.78, 39.98, 33.25, 30.88, 
25.79, 25.74, 24.11, 22.23, 17.94, 14.13, 7.46, 4.31, 4.27, -4.32, -5.02 ; HRMS (ESI): [M+Na]+ calculated 
for C41H68O9Si2Na: 783.4294, found: 783.4299; [α]D 27 = -10.15 (c 3.03, CHCl3) ; Rf = 0.54 




To a mixture of dimethyl methyl phosphonate (246 μL, 2.30 mmol) in THF (1.71 mL) was added 
nBuLi (1.55 M in hexane, 1.33 mL, 2.07 mmol) slowly at -78 ℃. After stirring for 2 h at this 
temperature, the reaction mixture was added ester 48 (175 mg, 0.230 mmol) in THF (0.85 mL) and 
stirred at -78 ℃ for 30 min. After the completion of the reaction, aq. NH4Cl was added to the reaction 
mixture. The aqueous layer was extracted with AcOEt three times. The combined organic layers were 
washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel 
column chromatography (Hexane/AcOEt = 1/1) gave compound 48 (189 mg) in 98% yield as a yellow 
oil. 
1H NMR (CDCl3) : δ 0.03-0.07 (6H, m), 0.56-0.62 (6H, m), 0.84-0.88 (9H, m), 1.39-1.53 (3H, m), 
1.61-2.02 (11H, m), 2.17 (1H, dd, J = 4.8, 10.2 Hz), 3.10-3.25 (4H, m), 3.54 (1H, dd, J = 5.6, 22.8 
Hz), 3.67-3.89 (11H, m), 4.15 (1H, dt, J = 4.8, 10.8 Hz), 4.30-4.33 (2H, m), 4.41 (1H, d, J = 11.2 Hz), 
4.45 (1H, d, J = 11.2 Hz), 6.86-6.88 (2H, m), 7.22-7.25 (2H, m) ; 13C NMR (CDCl3) : δ -5.1, -4.5, 4.2 
(3C), 7.3 (3C), 17.8 (3C), 22.6, 24.5, 25.6, 31.1, 32.5, 34.8, 36.1, 40.3, 42.0, 43.7, 47.7, 49.7, 52.8, 
55.1, 62.4, 64.1, 66.1, 66.7, 73.0, 75.5, 87.1, 100.5, 104.4, 111.0, 113.5 (2C), 129.0 (2C), 130.6, 158.9, 
202.0 ; HRMS (ESI): [M+Na]+ calculated for C42H71O11Psi2Na: 861.4165, found: 861.4177; [α]D 27 = 






To a mixture of phosphonate 49 (1.50 g, 1.79 mmol) in THF (17.9 mL) was added tBuOK (221 mg, 
1.97 mmol) at 0 ℃. After stirring for 0.5 h at this temperature, the reaction mixture was added 
aldehyde 43 (649 mg, 2.68 mmol) in THF (17.9 mL) and stirred at 0 ℃ for 30 min. After the 
completion of the reaction, aq. NH4Cl was added to the reaction mixture. The aqueous layer was 
extracted with AcOEt three times. The combined organic layers were washed with brine, dried over 
Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column chromatography 
(Hexane/AcOEt = 4/1) gave compound 48 (1.61 g) in 94% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.04-0.05 (6H, m), 0.56-0.62 (6H, m), 0.85-0.88 (9H, m), 0.95-0.99 (9H, m), 
1.31-1.54 (4H, m), 1.61-1.77 (12H, m), 1.82-1.98 (8H, m), 2.19 (1H, dd, J = 5.2, 13.6 Hz), 2.42 (1H, 
dd, J = 6.2, 16.0 Hz), 2.59 (1H, dd, J = 7.2, 16.0 Hz), 3.11 (3H, s), 3.68-3.69 (4H, m), 3.88-3.93 (1H, 
m), 4.14 (1H, dt, J = 4.8, 10.4 Hz), 4.25-4.51 (6H, m), 7.75 (1H, dd, J = 1.2, 16.0 Hz), 6.86-6.93 (3H, 
m), 7.23-7.25 (2H, m) ; 13C NMR (CDCl3) : δ -5.1, -4.5, 4.1 (3C), 7.3 (3C), 17.8, 22.3, 22.6, 24.3, 
24.5, 25.6 (3C), 31.1, 31.2, 35.5, 40.1, 40.3, 40.6, 42.0, 43.7, 47.6, 49.7, 51.5, 55.0, 62.3, 64.1, 66.1, 
67.0, 69.7, 73.0, 75.6, 87.0, 100.5, 104.4, 110.6, 110.7, 113.4 (2C), 122.4, 128.9 (2C), 130.6, 146.5, 
158.8, 170.9, 197.6 ; HRMS (ESI): [M+Na]+ calculated for C52H82O12Si2Na: 977.5237, found: 




To a mixture of ketone 50 (435 mg, 0.455 mmol) and NiCl2.6H2O (1.08 g, 4.55 mmol) in MeOH (9.1 
mL) and CH2Cl2 (9.1 mL) was added NaBH4 (86.0 mg, 2.28 mmol) at 0 ℃ and the reaction mixture 
was stirred for 1.5 h at rt. After the completion of the reaction, aq. NH4Cl was added to the reaction 
mixture. The aqueous layer was extracted with AcOEt three times. The combined organic layers were 
washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel 
column chromatography (Hexane/AcOE t= 6/1 to 3/1) gave 51 (347 mg) in 79% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.03-0.07 (6H, m), 0.56-0.62 (6H, m), 0.86-0.91 (9H, m), 0.95-1.02 (9H, m), 
1.21-1.99 (27H, m), 2.19 (1H, dd, J = 5.2, 13.6 Hz), 2.39 (1H, dd, J = 6.0, 16.0 Hz), 2.56 (1H, dd, J = 
7.2, 16.0 Hz), 2.68 (2H, t, J = 7.2 Hz), 3.11 (3H, s), 3.67-3.89 (10H, m), 4.11-4.24 (3H, m), 4.31 (1H, 
d, J = 11.6 Hz), 4.41 (1H, d, J = 11.6 Hz), 4.45 (1H, d, J = 10.8 Hz), 6.84-6.89 (2H, m), 7.22-7.27 (2H, 
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m) ; 13C NMR (CDCl3) : δ -51., -4.5, 4.1 (3C), 7.3 (3C), 17.7, 22.2, 22.5, 24.1, 24.5, 25.6 (3C), 29.1, 
31.0, 33.1, 36.3, 39.9, 40.2, 40.8, 42.0, 43.7, 47.6, 49.6, 51.4, 55.0, 62.3, 64.0, 66.1, 66.7, 67.2, 69.3, 
73.0, 76.0, 87.0, 100.4, 104.4, 110.3, 110.5, 113.4 (2C), 128.9 (2C), 130.5, 158.8, 171.1, 210.0 ; 
HRMS (ESI): [M+Na]+ calculated for C52H84O12Si2Na: 979.5394, found: 979.5388; [α]D 27 = -10.09 (c 




To a mixture of ketone 51 (346 mg, 0.362 mmol) in THF (7.20 mL) was added L-selectride (1.0 M in 
THF, 1.8 mL, 1.81 mmol) slowly at -110 ℃ and the reaction mixture was stirred for 1 h at rt. After 
the completion of the reaction, aq. NH4Cl was added to the reaction mixture. The aqueous layer was 
extracted with AcOEt three times. The combined organic layers were washed with brine, dried over 
Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column chromatography 
(Hexane/AcOEt = 6/1 to 3/1) gave 52 (330 mg) in 95% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.00-0.04 (6H, m), 0.56-0.62 (6H, m), 0.86-0.90 (9H, m), 0.93-0.99 (9H, m), 
1.22-1.96 (30H, m), 2.22 (1H, dd, J = 4.8, 13.2 Hz), 2.39 (1H, dd, J = 6.0, 15.6 Hz), 2.57 (1H, dd, J = 
7.6, 15.6 Hz), 2.65 (1H, br), 3.12 (3H, s), 3.39-3.42 (1H, m), 3.60-3.68 (5H, m), 3.74-3.84 (6H, m), 
4.10-4.21 (2H, m), 4.31 (1H, d, J = 11.2 Hz), 4.41 (1H, d, J = 11.2 Hz), 4.46 (1H, d, J = 10.8 Hz), 
6.86-6.89 (2H, m), 7.23-7.25 (2H, m) ; 13C NMR (CDCl3) : δ -5.0, -4.4, 4.3 (3C), 7.4 (3C), 17.9, 22.4, 
22.6, 24.3, 24.6, 25.7 (3C), 27.3, 31.2, 31.5, 31.7, 33.1, 36.6, 40.2, 40.4, 41.1, 42.4, 43.9, 47.8, 49.8, 
51.6, 55.2, 62.5, 64.3, 66.3, 66.5, 67.5, 69.9, 73.1, 73.3, 73.5, 87.2, 100.7, 104.6, 110.5, 110.6, 113.6 
(2C), 129.0 (2C), 130.8, 159.0, 171.4 ; HRMS (ESI): [M+Na]+ calculated for C52H86O12Si2Na: 




To a mixture of alcohol 52 (107 mg, 0.109 mmol) and imidazole (74.1 mg, 0.545 mmol) in DMF (2.20 
mL) was added TBSCl (82.1 mg, 1.09 mmol) at 0 ℃ and the reaction mixture was stirred for 48 h at 
rt. After the completion of the reaction, phosphate buffer was added to the reaction mixture. The 
aqueous layer was extracted with AcOEt three times. The combined organic layers were washed with 
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water and brine, dried over Na2SO4 and concentrated in vacuo. Purification by neutral silica gel column 
chromatography (Hexane/AcOEt = 9/1) gave 53 (111 mg) in 95% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.04-0.10 (12H, m), 0.56-0.62 (6H, m), 0.84-1.03 (27H, m), 1.19-1.96 (28H, m), 
2.23 (1H, dd, J = 5.2, 13.6 Hz), 2.39 (1H, dd, J = 6.0, 15.6 Hz), 2.56 (1H, dd, J = 7.2, 15.6 Hz), 3.12 
(3H, s), 3.54-3.57 (1H, m), 3.64-3.70 (6H, m), 3.77-3.84 (5H, m), 4.09-4.23 (2H, m), 4.31 (1H, d, J = 
11.6 Hz), 4.41 (1H, d, J = 11.6 Hz), 4.46 (1H, d, J = 10.8 Hz), 6.84-6.89 (2H, m), 7.23-7.26 (2H, m) ; 
13C NMR (CDCl3) : δ171.37, 158.92, 130.79, 129.00, 113.52, 110.45, 110.35, 109.28, 104.65, 100.75, 
87.05, 74.20, 73.91, 73.09, 70.28, 67.41, 66.57, 66.29, 64.24, 62.36, 55.13, 51.55, 49.78, 47.74, 43.87, 
42.51, 41.05, 40.42, 40.17, 36.55, 32.46, 31.55, 31.53, 31.28, 31.18, 27.43, 25.89, 25.75, 25.72, 25.60, 
24.79, 24.30, 22.78, 22.60, 22.37, 18.17, 17.88, 14.07, 7.50, 7.42, 4.37, 4.24, -4.16, -4.40, -4.68, -5.03 ; 
HRMS (ESI): [M+Na]+ calculated for C58H100O12Si3Na: 1095.6415, found: 1095.6430; [α]D 27 = -17.02 




To a mixture of silyl alkyne 53 (69.8 mg, 0.0650 mmol) in MeOH (2.20 mL) was added K2CO3 (89.8  
mg, 0.650 mmol) and the reaction mixture was stirred for 48 h at rt. After the completion of the reaction, 
aq. NH4Cl was added to the reaction mixture. The aqueous layer was extracted with AcOEt three times. 
The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude alkyne 68 
was used for next reaction without futher purification. 
To a mixture of crude ester 68 in THF (4.90 mL) and H2O (1.60 mL) was added LiOH.H2O (136 mg,  
3.25 mmol) and the reaction mixture was stirred for 24 h at rt. After the completion of the reaction, 
aq. NH4Cl was added to the reaction mixture. The aqueous layer was extracted with AcOEt five times. 
The combined organic layers were dried over Na2SO4 and concentrated in vacuo. Purification by 
neutral silica gel column chromatography (Hexane/AcOEt = 1/1 to 0/1) gave carboxylic acid 69 (57.1 
mg) in 92% yield as a yellow oil. 
1H NMR (CDCl3) : δ0.04-0.07 (12H, m), 0.84-0.91 (18H, m), 1.24-1.97 (28H, m), 2.24 (1H, dd, J = 
4.8, 13.2 Hz), 2.40 (1H, d, J = 2.0 Hz), 2.52 (1H, dd, J = 4.8, 16.0 Hz), 2.59 (1H, dd, J = 7.2, 16.0 Hz), 
3.13 (3H, s), 3.24-3.58 (1H, m), 3.63-3.73 (3H, m), 3.77-3.81 (5H, m), 4.11-4.22 (2H, m), 4.32 (1H, 
d, J = 11.6 Hz), 4.44 (1H, dd, J = 2.0, 10.8 Hz), 4.47 (1H, d, J = 11.6 Hz), 6.86-6.88 (2H, m), 7.23-
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7.27 (2H, m) ; 13C NMR (CDCl3) : δ -5.0, -4.7, -4.4, -4.1, 17.9, 18.2, 22.4, 22.8, 24.3, 24.8, 25.7 (3C), 
25.8, 25.9 (3C), 27.4, 31.2, 31.6, 32.4, 36.4, 40.2, 40.4, 40.9, 42.5, 43.8, 47.7, 49.4, 55.2, 61.9, 64.2, 
65.7, 66.5, 67.2, 70.3, 72.9, 73.3, 73.9, 74.2, 81.6, 100.9, 110.4, 110.7, 113.5 (2C), 129.1 (2C), 130.6, 
158.9, 175.6; HRMS (ESI): [M+Na]+ calculated for C51H84O12Si2Na: 967.5394, found: 967.5397; [α]D 
26




To a mixture of alkyne 69 (45.7 mg, 0.0480 mmol) in THF (1.92 mL) was added disiamylborane (0.50 
M in THF, 0.960 mL, 0.480 mmol) at 0 ℃. After stirring for 30 min, MeOH (0.960 mL) and the 
mixture of H2O2 (30% in H2O, 0.117 mL, 1.44 mmol) and NaHCO3 (121 mg, 0.144 mmol) in H2O 
(0.96 mL) were added and the reaction mixture was stirred for 45 min at 0 ℃. After the completion 
of the reaction, aq. Na2S2O3 was added to the reaction mixture. The aqueous layer was extracted with 
AcOEt five times. The combined organic layers were dried over Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (Hexane/AcOEt = 3/1 to 1/1) gave aldehyde 
70 (32.1 mg) in 68% yield as a yellow oil. 
1H NMR (CDCl3) : δ; 13C NMR (CDCl3) : δ; ; HRMS (ESI): [M+Na]+ calculated for C51H86O13Si2Na: 




To a mixture of dimethyl methyl phosphonate (73.3 μL, 0.685 mmol) in THF (0.685 mL) was added 
nBuLi (1.55 M in hexane, 0.398 mL, 0.617 mmol) slowly at -78 ℃. After stirring for 2 h at this 
temperature, the reaction mixture was added aldehyde 70 (26.4 mg, 0.0274 mmol) in THF (0.685 mL) 
and stirred at -78 ℃ for 30 min. After the completion of the reaction, aq. NH4Cl was added to the 
reaction mixture. The aqueous layer was extracted with AcOEt five times. The combined organic 
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layers were dried over Na2SO4 and concentrated in vacuo. The crude alkyne 75 was used for next 
reaction without futher purification. 
To a mixture of clboxylic acid 75 in Et2O (0.685 mL) and MeOH (0.685 mL) was added TMS 
diazomethane (2 M in hexane, 0.0685 mL, 0.137 mmol) and stirred at rt for 15 min. After the 
completion of the reaction, aq. NH4Cl was added to the reaction mixture. The aqueous layer was 
extracted with AcOEt three times. The combined organic layers were washed with brine, dried over 
Na2SO4 and concentrated in vacuo. The crude ester 76 was used for next reaction without futher 
purification. 
To a mixture of alcohol 76 in CH2Cl2 (0.550 mL) was added DMP (58.1 mg, 0.137 mmol) and the 
reaction mixture was stirred for 30 min at 0 ℃. After the completion of the reaction, aq. NaHCO3 was 
added to the reaction mixture. The aqueous layer was extracted with AcOEt three times. The combined 
organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by 
neutral silica gel column chromatography (Hexane/AcOEt = 3/1 to 1/1) gave carboxylic acid 69 (13.7 
mg) in 45% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.05-0.07 (12H, m), 0.84-0.91 (18H, m), 1.19-1.94 (20H, m), 2.19 (1H, dd, J = 
4.8, 13.2 Hz), 2.39 (1H, dd, J = 13.6, 15.6 Hz), 2.56 (1H, dd, J = 7.2, 15.6 Hz), 2.72 (1H, dd, J = 8.4, 
15.2 Hz), 2.87 (1H, dd, J = 3.2, 15.2 Hz), 3.03-3.18 (5H, m), 3.43-3.50 (2H, m), 3.53-3.57 (1H, m), 
3.64-3.80 (15H, m), 3.91 (1H, dt, J = 4.8, 10.8 Hz), 4.08-4.07 (1H, m), 4.16-4.26 (2H, m), 4.41 (1H, 
d. J = 11.6 Hz), 6.85-6.87 (2H, m), 7.21-7.23 (2H, m) ; 13C NMR (CDCl3) : δ -5.0, -4.6, -4.2, -4.1, 
17.9, 18.2, 22.4, 22.8, 24.3, 24.8, 25.7 (3C), 25.9 (3C), 27.5, 31.2, 31.5, 36.6, 40.2, 40.5, 41.1, 42.0, 
42.5, 43.3, 43.9, 47.7, 48.7, 51.6, 52.9, 55.2, 65.3, 66.4, 66.6, 67.4, 68.4, 70.4, 72.6, 73.9, 74.2, 76.6, 
100.1, 110.4, 110.5, 113.7 (2C), 124.8, 128.3 (2C), 129.2, 130.4, 159.1, 171.4, 200.8 ; HRMS (ESI): 
[M+Na]+ calculated for C55H95O16PSi2Na: 1121.5788, found: 1121.5789; [α]D 26 = -1.96 (c 0.45, 




To a mixture of phosphonate 77 (7.80 mg, 7.09 μmol) and β-tributylstannyl acrolein (24.5 mg, 
0.0709 mmol) and 18-crown-6 (41.2 mg, 1.56 mmol) in toluene (0.710 mL) was added K2CO3 (9.80 
mg, 0.0709 mmol) and the reaction mixture was stirred for 1.5 h at 60 ℃. After the completion of the 
reaction, aq. NH4Cl was added to the reaction mixture at 0 ℃. The aqueous layer was extracted with 
AcOEt three times. The combined organic layers were washed with brine, dried over Na2SO4 and 
concentrated in vacuo. Purification by neutral silica gel column chromatography (Hexane/AcOEt = 
84 
 
30/1 to 6/1) gave diene 78 (5.70 mg) in 61% yield as a yellow oil. 
1H NMR (CDCl3) : δ 0.02-0.04 (12H, m), 0.89-1.17 (24H, m), 1.20-1.92 (41H, m), 2.20 (1H, dd, J = 
4.8, 13.2 Hz), 2.39 (1H, dd, J = 10.0, 15.6 Hz), 2.56 (1H, dd, J = 7.2, 15.6 Hz), 2.68 (1H, dd, J = 9.2, 
15.2 Hz), 2.83 (1H, dd, J = 2.8, 15.2 Hz), 3.06 (3H, s), 3.45-3.56 (3C, m), 3.62-3.68 (5H, m), 3.74-
3.70 (4H, m), 3.94 (1H, dt, J = 4.4, 10.4 Hz), 4.11-4.26 (3H, m), 4.44 (1H, d, J = 11.6 Hz), 6.06 (1H, 
d, J = 15.6 Hz), 6.63 (1H, dd, J = 10.4, 18.8 Hz), 6.81-6.86 (3H, m), 7.03 (1H, dd, J = 10.4, 15.6 Hz), 
7.21-7.23 (2H, m) ; 13C NMR (CDCl3) : δ199.63, 171.48, 138.10, 129.30, 128.31, 119.24, 113.70, 112.29, 
110.51, 110.37, 104.05, 99.95, 94.16, 68.07, 67.44, 64.89, 55.20, 52.33, 51.62, 40.32, 40.20, 33.47, 31.21, 
31.10, 29.02, 28.28, 27.21, 25.92, 25.75, 24.33, 23.35, 22.40, 18.20, 17.92, 14.75, 13.67, 9.62, 5.03, -4.14, 
-4.65, -4.98, -7.74.; HRMS (ESI): [M+Na]+ calculated for C68H118O13Si2SnNa: 1341.7025, found: 































































































































































































































































Enantio- and Diastereoselective Synthesis of Latanoprost using an
Organocatalyst
Genki Kawauchi,[a] Shigenobu Umemiya,[a] Tohru Taniguchi,[b] Kenji Monde,[b] and
Yujiro Hayashi*[a]
Abstract: An enantioselective total synthesis of latanoprost
was achieved. Its chiral cyclopentane core structure was con-
structed through an organocatalyst-mediated [3 + 2]-cyclo-
addition reaction, and chirality in the w-side chain was gen-
erated by prolinate-anion-mediated a-aminoxylation of an
aldehyde. Highly diastereoselective domino acetalization
and an oxy-Michael reaction were key steps for the genera-
tion of C9 chirality.
Introduction
Latanoprost (1) is an antiglaucoma, “blockbuster” drug devel-
oped by Pfizer.[1] It is an analogue of the prostaglandin PGF2a
and is manufactured by using a method developed by Corey.
Given its biological efficiency, several synthetic methods have
been developed for its preparation.[1, 2] Recently, Aggarwal re-
ported a short synthesis by using a proline-mediated aldol re-
action as a key step.[3]
We have been investigating the synthesis of prostaglandins
and have reported the asymmetric formal [3 + 2]-cycloaddition
reaction of succinaldehyde (2) and nitroalkenes catalyzed by
diphenylprolinol silyl ether[4, 5] and have applied this reaction
for the three-pot synthesis of PGE1 methyl ester
[6] and an effi-
cient synthesis of beraprost.[7] The PGE1 methyl ester was syn-
thesized from succinaldehyde (2), a nitroalkene, and Horner–
Wadsworth–Emmons reagent building blocks [Eq. (1)] . On the
basis of a similar strategy, we considered whether latanoprost
(1) could also be synthesized from three parts : succinaldehyde
(2), 3, and 4 (Scheme 1, disconnection A). However, there
would be a problem in this disconnection because of the facile
isomerization of nitro-1,4-diene 3 into the 1,3-diene. By rotat-
ing latanoprost (1) around the dotted line focusing on symme-
try, latanoprost (1) can be divided into an alternative set of
three parts : succinaldehyde (2), nitroalkene 5, and alkyne 6
(Scheme 1, disconnection B). One of the expected problems in
this synthesis is the control of the four continuous stereogenic
centers on the cyclopentane skeleton (C8, C9, C11, and C12).
Whereas the stereochemistry at C11 and C12 on the cyclopen-
tane in PGE1 methyl ester is trans [Eq. (1)] , that at C8 and C9 of
latanoprost is cis. Thus, the strategy used for our synthesis of
PGE1 could not be applied. Another issue is how to control the
stereogenic center at C15 on the w-side chain. In this paper,
we describe the diastereo- and enantioselective total synthesis
Scheme 1. The disconnection of latanoprost (1).
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of latanoprost (1) by using organocatalyst-mediated asymmet-
ric reactions as key steps.
Results and Discussion
Our retrosynthetic analysis is shown in Scheme 2. Latanoprost
(1) would be synthesized from 7 by stereoselective reduction
of the ketone from the convex side, and the stereochemistry
at C9 would be controlled by 1,3-stereoinduction of domino
acetalization and oxy-Michael reactions from 8, which was de-
veloped by our group.[8] Compound 8 would be synthesized
by the addition of alkyne 6 to aldehyde 9, which would be
synthesized by our formal [3 + 2]-cycloaddition reaction.[4] Ni-
troalkene 5 would be prepared from 11 and 12 by using our
asymmetric a-aminoxylation catalyzed by a prolinate salt.[9]
The synthesis started with the preparation of nitroalkene 5
(Scheme 3). Recently, we found that a prolinate salt was an ef-
fective catalyst for the a-aminoxylation of aldehydes.[9a] Asym-
metric a-aminoxylation of aldehyde 11 and nitrosobenzene
(12) proceeded in the presence of 2 mol % potassium d-proli-
nate to afford a-aminoxy aldehyde 10, which was treated with
the Horner–Wadsworth–Emmons reagent and NaH[10] to pro-
vide the g-aminoxy a,b-unsaturated ester. In the same vessel,
sequential addition of CuSO4 in EtOH
[9a, 11] gave hydroxy ester
13 in 74 % yield with 98 % ee over three steps in a single pot.[12]
Protection of the alcohol group with NapBr (Nap = 2-naphthyl-
methyl),[13] NaH, and tetrabutylammonium iodide (TBAI) afford-
ed the 2-naphthylmethyl ether in 90 % yield. Reduction of the
a,b-unsaturated ester with NaBH4 and NiCl2
[14] provided 14 in
83 % yield, and it was reduced with diisobutylaluminum hy-
dride (DIBAL-H) to the aldehyde in 73 % yield. A Henry reaction
with MeNO2, followed by dehydration provided nitroalkene 5
in 85 % yield.
A formal [3 + 2]-cycloaddition reaction of nitroalkene 5 and
succinaldehyde (2) proceeded in the presence of diphenylproli-
nol silyl ether[4] to afford cyclopentanecarbaldehyde 9 in 60 %
yield [Eq. (2)] . To check the diastereoselectivity of this reaction,
aldehyde 9 was reduced with NaBH4 to give the corresponding
diol, which was treated with Ac2O and pyridine to afford four
isomers of nitrocyclopentenes 15 [Eq. (3)] . The ratio of the iso-
mers was 87.5:8.0:4.1:0.4. Given that 15 A and 15 B are the de-
sired isomers (see below), the diastereoselectivity in this formal
[3 + 2]-cycloaddition reaction is excellent [ratio of desired iso-
mers (15 A + 15 B) to undesired isomers (15 C + 15 D) =
95.5:4.5] .
Alcohol 9 was protected by using TMSCl and Et3N to afford
TMS ether 10, which was treated with alkyne 6, zinc trifluoro-
methanesulfonate [Zn(OTf)2] , and Et3N
[15] to provide propargyl
alcohol 16 after deprotection of the TMS ether in 64 % yield
over three steps. Dehydration occurred upon heating 16 at
60 8C in the presence of Al2O3
[16] to afford nitrocyclopentene,
which was treated with 1,4-diazabicyclo[2.2.2]octane (DABCO)
under a O2 atmosphere to provide cyclopentenone 8 through
the Nef reaction developed by our group.[17] It was found that
a mixture of diastereomers (2:1) was generated at C7
(Scheme 4).
It is worth discussing the stereochemistry at the C8 and C12
positions in the transformation from 9 into 8 (Scheme 5).
There are three possible epimerization steps from the cis
Scheme 3. The synthesis of w-side chain 5. Ms = mesyl (methanesulfonyl).
Scheme 2. Retrosynthetic analysis of latanoprost (1).
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isomer of cyclopentane to the trans isomer of cyclopentane:
1) silyl ether formation from 9 to 10 [Eq. (4)] , 2) the addition re-
action of alkyne 6 to aldehyde 10 [Eq. (5)] , and 3) Nef reaction
from 17 to 8 [Eq. (6)] . Different diastereomers 8 and 8’
(Scheme 4) possessing opposite stereochemistry at C8 and C12
would be generated depending on the step in which epimeri-
zation occurs. If the epimerization occurs in Equation (4) or (5),
10’ or 16’ would be formed, which would afford 8’ as a prod-
uct [Eq. (7)] . If the epimerization occurs in Equation (6), 8
would be formed. Moreover, if the epimerization proceeds par-
tially, a diastereomeric mixture (8 and 8’) would be obtained.
Thus, it is important to investigate at which step the epimeri-
zation occurs.
To investigate the epimerization, we examined each step in
detail by using a model substrate. First, the silylation step was
investigated [Eq. (8)] . cis-C8–C12 alcohol 18 was treated with
TMSCl and Et3N, and silyl ether 19 was generated, which was
converted into nitrocyclopentene 21
through a three-step transformation. Com-
pound 21 was found to be a cis isomer by
comparison of its physical properties with
those of the known compound.[4] Thus, no
epimerization occurred at the silylation step.
Next, upon treating model cis-19 with
Zn(OTf)2 and Et3N, the reagents of which are
employed in the alkynylation, 19 was found
to be obtained as a mixture of cis and trans
isomers (cis/trans = 2:1), which indicated
that a combination of Zn(OTf)2 and Et3N
could partially epimerize the compound at
C8 [Eq. (9)] .
Then, cis-19 was treated with alkyne 6,
Zn(OTf)2, and Et3N, and product 22 was con-
verted into nitrocyclopentanol 25 in 29 %
yield over five steps. The dehydration reac-
tion of 25 afforded cyclopentene 26 with
excellent diastereoselectivity in 83 % yield
(Scheme 6). The determination by NMR spectroscopy analysis
of the relative stereochemistry of 26 was difficult, but its rela-
tive and absolute configurations were elucidated by vibrational
circular dichroism (VCD).[18]
Figure 1 shows the experimental VCD and IR spectra of 26
and the theoretical spectra for trans- and cis-26. Most of the
signals seen in the observed VCD spectrum show a one-to-one
correspondence with those in the calculated spectrum of the
trans isomer, including their sign. For instance, the observed
VCD signals between ñ= 1500 and 1425 cm@1, attributed to
the bending vibrations of CH and CH2 around the stereogenic
center, are similar to those calculated for the trans isomer, and
the observed strong negative signal at ñ= 1350 cm@1, attribut-
ed to a symmetric stretching vibration, is found only in the
calculated spectrum of the trans isomer. The VCD sign of the
skeletal vibration at ñ&1160 cm@1 is plus in the spectra of the
observed and calculated trans isomer, whereas it is minus in
Scheme 4. The synthesis of 8.
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the spectrum of the calculated cis isomer. Thus, it was conclud-
ed that 26 is a trans isomer with (8R,12R) absolute configura-
tion.
From these experiments, it was established that complete
epimerization occurred in the alkylation step. Given that we
had already introduced all carbon atoms necessary for the con-
struction of latanoprost, the remaining steps were functional-
group transformations (Scheme 7). To control the stereochem-
istry at C9, we employed domino acetalization/oxy-Michael re-
actions developed by our group. Thus, upon treating alcohol 8
Scheme 5. Possible epimerization step at the C8 and C12 positions.
Scheme 6. The synthesis of nitrocyclopentene 26. DCC = N,N’-dicyclohexyl-
carbodiimide, DMAP = 4-(N,N-dimethylamino)pyridine, acac = acetylaceto-
nate.
Figure 1. Comparison of the observed and calculated VCD (top) and IR
(bottom) spectra of 26.
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with 3,4-dinitrobenzaldehyde, 50 mol % Bi(OTf)3, and NaClO4,
[8a]
domino acetalization followed by a stereoselective oxy-Michael
reaction proceeded to afford acetal 7, in which the stereo-
chemistry at C9 was completely controlled in the desired
manner even though starting alcohol 8 was a mixture of C7
diastereomers. Diastereoselective reduction of ketone 7 at C11
proceeded stereoselectively from the convex face to provide
27 in 86 % yield. The combination of NaBH4 and Ti(OiPr)4
[19]
was essential for this reduction to proceed with high stereose-
lectivity without affecting the ester moiety. Notably, a retro-
oxy-Michael reaction proceeded if a basic reducing reagent
such as LiAlH(OtBu)3 was employed. Reduction of the nitro
group to an amine by using Zn, followed by acid treatment
gave triol 28 in 79 % yield over two steps. Conversion of the
three hydroxy groups to give corresponding formate 29 was
performed in 95 % yield, and the latter was treated with
Pd(acac)2 and PBu3 by using a procedure developed by Sawa-
mura and co-workers[20] to provide alkyne 30 without forma-
tion of an allene derivative. The next three reactions were con-
ducted in a single pot: hydrogenation using the Lindlar
catalyst under a H2 atmosphere provided the cis alkene,
which was treated with 2,3-dichloro-5,6-dicyanobenzo-
1,4-quinone (DDQ) for removal of the Nap group,[13] and
final deprotection of the formyl moiety into a hydroxy
group was conducted by treatment with NaBH4
[21] to
afford latanoprost (1) in 83 % yield over three steps in a
single vessel. The physical properties of synthetic latano-
prost (1) were identical in all respects to the reported
data.[2b,c]
Conclusions
In summary, a diastereo- and enantioselective total syn-
thesis of latanoprost (1) was accomplished. The present
route possesses several noteworthy features : 1) One of
the key reactions is the organocatalyst-mediated [3 + 2]-
cycloaddition reaction developed by our group for the
construction of the cyclopentane core structure. 2) Chir-
ality in the w-side chain is generated by catalytic asym-
metric a-aminoxylation by using potassium prolinate,
also developed by our group. 3) In the addition reaction
of the alkynyl group, complete epimerization from cis to
trans occurs before the alkynyl addition. 4) Excellent 1,3-
chiral induction is realized in domino acetalization and
oxy-Michael reactions catalyzed by Bi(OTf)3 and NaClO4,
developed in our group. 5) Highly diastereoselective re-
duction of the ketone at C11 by the combination of
NaBH4 and Ti(OiPr)4 proceeds without affecting the ester
moiety.
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S109; b) J. G. Martynow, J. Jjźwik, W. Szelejewski, O. Achmatowicz, A.
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